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Abstract—This work proposes and validates model pre- that could give rise to leakage currents through the PV gyste
dictive control as an alternative control strategy for H-NP C parasitic capacitance and grounded metallic frame [4].
converters for single-phase grid-tied string photovoltai c Leakage current mitigation can be addressed by several

systems. The presented control scheme achieves the . . . .
g)(/)od quality Cuﬂem waveforms with unity powérvfactor methods according with the established literature. Some of

dc-link voltage control, neutral-point voltage minimizat ~ ion. them are shown in Fig. 1. The first method is done by
Furthermore, the predictive controller has been further changing the power topology inverter, e.g., the convealion
enhanced by including an average device switching fre- H-bridge inverter is modified by including one or two

quency restriction and a  dv/dt mitigation. The main con-
tribution of this paper is the avoidance of the potential
leakage current due to parasitic capacitance of the photo-

semiconductors forming the well-known H5 and H6 inverter
[5]-[7], respectively. Thus, by using a correct modulation

voltaic modules by using a predictive model based control scheme the switched CMV can be constant [8] or with
technique instead of modulated-schemes and eliminating low-frequency components only. The second method is based
high-frequency common-mode voltage components. Ex- by including an extra output filter stage to reduce the leakag

perimental results during steady state and dynamic oper-
ation are presented to illustrate the behavior of the H-NPC
converter commanded by the proposed control scheme.

current as has been reported in [9], [10]. The third method is
by modifying the modulation scheme of conventional investe
] o ] [11]-[14]. Finally, other option to address the leakagerenir
Index Terms—Photovoltaic Applications, Multilevel Con- issue is by changing the control scheme, which gives thekbrea
verters, Grid-Connected PV Converters, Predictive Contro . through to this paper.
I. INTRODUCTION " H—kNPtC ttrc])pcl>logy is lctommonly. used i{] rciotfr:ode\l( skystzms
- . anks to the lower voltage requirements at the dc-linkeesp
INGLE-PHASE  grid-tied photovoltaic (PV) systems, . entional NPC topology [2], which reduces the number
have become a grown industrial technology W't%f PV panels required to achieve a proper operation, progidi
global presence. Several power converters haye foulqﬂ)re flexibility for the system design. In fact, the MPPT
commercial acceptance, among them, the H-bridge, Itage range is increased due to the H-bridge connection,
HERIC, HG’ Ttype, and the single-phase three-levgl ;"o blocking voltage of each semiconductorlig./2
Neutral-Point-Clamped (NPC) [1], [2]. The search for morg, o of rated voltage. This advantage allows the pdisgibi
efficient, reliable, grid compliant and proprietary techogy to increase the dc-link voltage value to e.g., 1kV without a
differentiation is the main responsible of the outstandin(gc_dc booster stage. Another advantage is the simplicity of
develop_mept and di\(ersity of power converte_r topologies. %e power circuit, due to all the power valves switch at the
of publication of this man_uspnpt, the H-bridge NPC (H'same switching frequency, simplifying the thermal dis8ga
NPC) has been commercialized by ABB under the narTI‘—E'fnally, in the H-NPC topology the CMV minimization is
of F.)VSSOO'TL up to BkW for Smal!-scale rOO_ﬂOp PVachieved by modifying the modulation stage as is implenmnte
applications. The H-NPC converter consists of the singlase by the commercial manufacturer, or control stage as is
bridge connection of two three-level NPC converter Iegﬁhplemented in this paper, without any extra hardware, e.g.
forming a five-level converter. Although five-level VOltagefilters, ac or dc extra swi’tches, de-dc converters with’ HE

waveform is available, a particulary three-level carbesed ooion From the above reasons, we use the H-NPC as an

PuI_se—Wldth—Modl_JIatlo_n (PWM) scheme has been carry out xample case where the converter freedom degree can be used
[3] in order to avoid switched common-mode voltages (CMV,

void leakage currents.
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TABLE |
g J SWITCHING STATE TABLE OF THE H-NPC PV INVERTER
bl
) State Sa1 Sa2  Sp1 Se2 Vab 10 UaN + UbN
0 1 1 1 1 0 0 2040
1 1 0 1 wg/2 -is  3vge/2
Sng 2 1 1 0 0 Vde 0 Vde
A 3 0 1 0 0 wvg/2 is  wvae/2
4 o 1 o0 1 0 0 Vde
< Vab b 5 0 1 1 1 -vg/2 is  3vae/2
S, 6 0 0 1 1 ~VUde 0 Vde
A le[:} 700 0 0 1 -wge/2 -is /2
8 0 0 0 O 0 0 0
TU“N Sha_| TUZ’N resistor R, is for modeling purposes only. Each NPC branch
can generate three voltage levels;.(2; 0; —vq4./2). The
" H-bridge connection of both legs achieves a five-level outpu
S . .
i < T”N” voltage waveformy.; vac/2; 0; —vac/2; —vae). The firing
AT — VWAV signals of each power switch, the output voltage defined as
2 2 2 2 vab = Ugn — Upn a@nd the current out from the neutral-point
Fig. 2. Topology of a single-phase grid-tied H-NPC PV inverter. ip, in function to each of the nine commutation states, are

power converters has lead high-performance industrialiﬁpdgref.semeﬁI |fr-1_Tab|_e . lgEach statg, W('jth jfe {0, 1r’]' - "8}h
cations: the voltage-oriented control (VOC) [2]. Conventil o Ines the firing signalSa1, Saz, Si1 andS, for each switch.
:Imd_ new _cqntrol schemes are fu_IIy programmed on hl%rgate and it can be calculated as

exibility digital platforms. Digital Signal ProcessorD$Ps)
enable the integration of more functionality and the impem ~ VaN = Sa1ver + Sa2vc2, (1)
tation of more complex control strategies or variationsafi-c ~ von = Sp1ve1 + Sp2vc2, 2
ventional schemes, e.g., virtual flux-oriented control Q) Vap = Van — UsN = (Sa1 — Sp1)Ver + (Saz — Sp2)vea, (3)

[15] or model predictive control (MPC) [16]. Increasingeatt \here v and v are the capacitor voltages and
tion has been dedicated to the use of MPC in power electronjp% = Vge = V1 + ve2 IS the overall dc-link potential. The
applications due to the development of advanced DSPs W@%uation that represents the grid current dynamic is,
continuously decreased cost [1], [17]. In fact, the utiiiza is ,
of MPC in power systems has been proved experimentally by Vab = LSE + Rsis + vs, (4)
applying Continuous Control Set (CCS) and Finite Contrdl Sethere R, and L, are the mains filter parameters,, is the
(FCS) techniques [16]. The predictive approach is baseti®n tonverter output voltage;; andis are is the mains voltage
calculation of the future discrete system dynamic to compuand current, respectively.

optimal actuation variables, allowing a fast dynamic resgo |t js well-known that in PV installations appear a parasitic
with flexible control routine and the possibility to includecapacitance between their positive and negative terminals
constraints. [18], [19]. Finally, FCS-MPC has been intreefll respect to the grounded metallic frame of each module [1], [4
as a promising control algorithm for power converters angk is plotted in gray line in Fig. 2. Thus, the resulting legka

drives [18], [20]. currenti,, through the parasitic capacitance is mitigated if the

The contributions of this paper are three. The first one EMV vy, is constant between two switching intervals. This

thg use of a moving-\./vindowl to compute th_e average deviggay of the H-NPC converter is depicted in Fig. 2 and can be
switching frequency with negligible computational coshieh easily calculated by solving the following system equagion

Therefore, the output voltage,, depends on the usegth

allows one to control and almost fix the average switching ;
. . o L,dis Ry.
frequency, that usually is a challenge in predictive cdnirbe UNn + VaN — S a p T T 0, )
second one is the minimization of the CMV to avoid potential L,di, R,
leakage currents. In addition, a very simple normalization UNn +UpN + 5 ar =+ o s = 0, (6)

method to select the weighting factors is presented to eedugith v,, and v,y being the voltages with respect to the
the converter commissioning. We present a full descriptiotegative busV. Then, by solving (5)-(6), the CM\y,, can

of the experimental set-up and results that validates tite ghe modeled as the sum of a low frequency voltage component
current control with unity power factor, neutral-point tamle (v,) and a high frequency voltage patt, & + vpn), i.€.,

(NPV) minimization and non-switched CMV to avoid leakage on. — Vs _ VaN + UbN @
currents. Nn =79 2 .
where the termuv,y + v,y depends instantly on each
Il. SYSTEM DESCRIPTION commutation state and it can assume five different values

The schematic of the PV energy conversion system baseglich are presented in Table I. Unlike the NPC converter, the
on the H-NPC is illustrated in Fig. 2. The converter is builH-NPC can generate five-levels and more redundant switching
with two three-level NPC (3L-NPC) legs connected as astates as presented in Table I. In fact, with the H-NPC
H-Bridge. The H-NPC output is connected to the ac-grithe control algorithm flexibility is improved, allowing the
through a symmetrically divided inductive filtdr, where the inclusion of control goals with less impact on the output



,,,,, S FCS-MPC scheme qu B. Predictive Current and Neutral-Point Voltage Control
=

RN Cost function

T minimization > H-NPC

MPPT stage ool i“(k*?)T""(k”)T § The grid current is regulated through the conventional
«v,(}; | g FCS-MPC strategy. Following this algorithm, the nine valid

synchronization .

gy Prediction switching states of the H-NPC converter defined in Table | are
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, used. In order to derive an analytic expression for the otirre

Fig. 3. Proposed control scheme for the H-NPC PV system. prediction, it is necessary to express the relation betvieen

f . itor bal h hth hisl voltageu,;, and the grid current, in discrete time, from which
waveform, .., capacitor balance through the NPV_. T BIt8S ihe future value of the current can be calculated by using a
in an important advantage as it adds more flexibility to thﬁrst order Taylor series

control algorithm, allowing the capacitor balancing thybuhe R.T T
NPV minimization and other control goals with less impact on is(k + 1) = i (k) (1- LS S) + == (vap(k)-vs(K)),  (9)

L
the output waveform. whereT,=32us is the sampling period. Hence the future value

of the grid current can be predicted as a function of the ayste
I1l. PROPOSED CONTROL SCHEME measurements and the feasible output voltaggs

Nt stage

The implemented control strategy, depicted in Fig. 3 As is illustrated in Table I, it can be seen that the current

replaces the inner current control loop, the modulatioreklo 0 999 out from the neutral-point varies with respect to the

. . ) ... applied switching state. To compute this current, the foithy
and capacitor balancing control by a FCS-MPC angorItI'ma'efinitions related to the capacitor currents are required,

It maintain the Maximum Power Point Tracking (MPPT)

dv, ) _
algorithm and the outer dc-link voltage control loop that  ie1 = Ci ot = ipy — (Sa1 — Sbi )i, (10)
; dt
generates the grid current reference. Perturb and Observe dves
(P&0O) algorithm is implemented in this validation, mainly — ic2 = Cz—d; = ipy — (Saz — Sb2)is, (11)
due to its simplicity, the low number of measured parameters i = i1 — te2 = —(Sa1 — Sb1 — Sas -+ Spa )i, (12)

its mainstream use and the good experimental results [Z\Hﬁ . di h s related with h i
Therefore the dc-link voltage reference switches in stestalye Eréic, andicp are the currents refated with each capacitor

with a three voltage levels fashion. Nevertheless any oth%l?d lllustrated in Fig. 2. Assuming thaly = Cz = Cae,

MPPT stage could be used, and it does not compromise f & neutre}l—pomt potentle}bo depends Qynam|cally on the
neutral-point current and it can be obtained as,

verification of the proposed control strategy [21], [22].
V) = Vet — Vg2- (13)

d’l}o - dUcl dUCQ

-Li dt dt dt
A. De-Link Voltage Control Loop where v, v.o are the capacitor voltages and its derivatives

The dc-link voltage is controlled with the adjustment of th@re directly obtained from (10) and (11). Note that, the term
active power injected to the grid. For this, the eror — vs. —(Sa1 — Sb1 — Sa2 + Si2)is corresponds exactly to the
is controlled with a proportional-integral (Pl) contrallthat neutral-point current in (12). Thus, the final relation iatetl
generates the reference for the delivery grid current. T the neutral-point voltage dynamic,

i i i i d 1 1
design procedure can be summarized with a simple parameterd?o _ — ——(Sa1 — Sp1 — Saz + Sp2)is = aio' (15)

adjustment by using a bandwidth of 2Hz with a damping ratio ~ dt Cic ) , o Lac,
of £=0.707, which establishes a compromise between volta§BUS: the neutral-point potential pr;dlctlon is given by,
speed tracking and overshoot response. To obtain a correct vo(k +1) = vo(k) + C; io(k). (16)

controller is needed a representation of the dc-link velta
vq. fespect to the magnitude of the grid currépnt Thus, the
following transfer function is used,

Note that, in digital implementationcs the time required to
compute the control actuation takes a considerable portion
Vae(s) ki of the sampling in.tervaTs, resglting.in one sam_pling delay.
hoge(s) = ——% = — S (8) Then, to take this computation time delay into account,
Is(s) TdeS + 1 variables at(k + 1)7 are extrapolations used as an initial

wherek,c andr. has been computed by using the procedufe, , jition for prediction variables &k +2)T, [18]. We define
reported in [23]. Furthermore, due to the capacitors changke the overall cost function defined gswith the two terms,
discharge, the voltage;. has a continuous and an oscillatory

2 2 2 2
component at 2,=100Hz. The optimal voltage control is 9= /\191 _+)‘bgb’ (17)
fulfilled with a filtering block prior to the dc-link voltage = i —is(k+2) (18)
measurement, through a notch filter tuned to 100Hz as is Iypes 7
depicted at the left of Fig. 3. To ensure an unity power ~ 0—wvo(k+2) 19
factor, Phase-Locked-Loop (PLL) based on a Second-Order 96 = /max ’ (19)

Generalized Integrator with Quadrature Signal Generatwhere); and )\, are the Weighirc'lg factors associated with grid
(SOGI-QSGQG) is here [24]. As a result, a sinusoidal referencarrent regulation and neutral-point potential minimiaat
% for the grid current is imposed. respectively. Then, the scalar cost functipis computed for



ny

all the feasible actuation and the optimal solution is gibgn v»

Sa1
S[jop] = arg min g[j]. (20) T Sar |
JEL08) V) i a2 : } } Sa1 Sp2
T c2 |l S, i Vet da
C. Dv/dt Limitation W 2 % Sa1 St

In order to reduce thév/dts, only the existing and adjacent ﬁgﬁj } 6.3
voltage levels are allowed to be selected. This emulates ¥ Sha Uea } gaggg;
something that would naturally result with carrier-bas¥d\w  (a) S ot Se2 (D) w
methods [25]. The switching states are chosen accordif@eto Eig. 4. Modulation schemes for H-NPC PV inverter: (a) conventional

minimization of g. This is why there are some cases whergs-PWM and (b) modified LS-PWM by [3].

[vap(k + 1) — vap (k)| > vac/2, €.9., the transition between the , ) . :
state number 214, (k + 1) — vg.) and the state number 7each device are stored for a fixed time period (good results

(wan(k + 1) — —u4./2) is a feasible path without actuationwere obtained with the fundamental grid peridd=1/f,).

- . . Since each vector size depends on the sample fimehe
restrictions. This produce high voltage changes and tbexef P . P
L . . d vectors must stordy /T, values. After this procedure, the
more switching losses in the respective semiconductors.

Feasible voltage level paths for an instabtand the ON/OFF changes on each vector are added and the results

. are stored in integer values referred toras,,. Thus, the
porrlespontQ|ngtr?ear Ilttevels fort th‘? ne_id_ ober 1"b|Thtusi;’;g average device switching frequency can be approximated by
TPSTSING LS VOTAgE Tes ikion 15 possins 10 fsey = ncsay/(217). The scalar function (17) is modified by

a dvgp/dt reduction. This available state reduction gives thgdding the average switching frequency limitation
advantage to decrease of the computation time. This is Becau 1

now, only between three to seven states are evaluated, in 1 < b )2 (21)

o 9

comparison to the fixed nine states of the algorithm without 9/ = fmax Z ZWSwy (fan=Tsay(k +2))

anydv,,/dt limitation. A simple logic is implemented to avoid ) o 12:“2”:1 ) 5

dvay/dt during the control operation [26]. This logic is based 9 = Ai9i + A9y + Arg5, (22)

on the knowledge of the sta&{j,,] that is being applied. where A is a constant weighting factor to give importance
to this goal respect to the other objectives and,, is

D. Average Switching Frequency Control time-varying weighting factor for each commutation funati

An important characteristic of FCS-MPC is an inherentllt is important to highlight that the classical way to weight

wide switching frequency range [16]. This lead to high cost function imposes an average switching frequency

- : : . as referencef’,. Nevertheless, the desired outcome is the
switching losses per semiconductor, which hinders theegyst,.~ . ~. sw ) ! :
Hweltatlon of the commutation with a maximum frequency and

performance. Several methods have been proposed in It{he release of the frequency control when the system is below
literature to address this issue without using modulatbe T q y Y

. L . o the reference boundaries. This restriction is achievedt wit
most basic solution is a straight forward penalization dher . : o .
. . L ... time-varying weighting factoivs,, defined as follows,

commutation [27], which lead to a reduction in the switching -~ .y Y
frequency but with no control over the resultant value.Ws,, = {(1) !; fsay i -]iiw V€ {a,b}, ye{1,2}. (23)
This strategy is complemented in [28] with a PI controller it fsay < fow
to dynamically modify the weight associated with th&. Common-Mode Voltage Control
commutation, though this Pl is not easy to tune appropsiatel In transformer-less grid-tied PV inverters, the switched
Other methods solve the problem by improving output curre@MV respect to the ground producesda/dt across these
spectrum, either by favoring a certain commutation fregyenparasitic capacitances between the positive and negative
[29] or by reducing certain bands [30], [31]. dc bus respect to the grounded frame of the PV array

These strategies, though effective, are quite hard deawing a leakage current,. The CMV depends on the
implement and tune, making them less attractive for thiskworinverter topology, the mains filter and the modulation sigst
Thus, a Sliding Window approach is performed, where [8], [13]. Fig. 4a illustrates the conventional Level-Shif
reference is set to the number of commutations that occlrg/M (LS-PWM), where the output voltage have five-levels
in a set time. This approach leads to a very well definethd switched CMV, which produce leakage currents. To
average frequency, while also requiring low computatiod aravoid this high-frequency components, a modified LS-PWM
programming effort. Based on the problem characteristies, (mLS-PWM) is adopted in order to generate non-switched
choice of Sliding Window is selected for the system. On theMV, which is depicted in Fig. 4b. The above particular
other hand, in recent reported MPC methods, e.g., Modulateddulation reduces the power quality of the converter since
MPC, CCS-MPC and others, a terminal modulation stage hawely three-level voltages can be utilized [3]. However, the
been included to fix the switching frequency. However, th@aximum output voltage levél,. is the retained.
hardware implementation simplicity of the conventional3=C  In the proposed control scheme there is no a modulation
MPC is lost, due to dedicated PWM hardware is required. strategy, thus an additional term is added to the cost foncti

In this work a sliding window algorithm is implementedo achieve the same objective. The CMMy, respect to
in which the average device switching frequency is computetie negative busV on Fig. 2 and computed in (7), where
The predicted average switching frequency is compared tatacan be modeled as the sum of a low frequency voltage
limit value f,=2.2kHz. For this, the firing signals used for(v;) and a high frequency voltages (v + vsx). This term
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TABLE Il

AV%) v
—— 4 mppty Control Scheme g,
'ACCEPTABLE ABSOLUTE ERRORS J S ePACE 1103 :51,5,
Variable Max. Valueers evo €fsw EVem mept \
Max. grid current,/;@* 10A 01 - - -
Max. dc-link voltage,V 2% 200V - 02 - -
Max. av. switching Freq 2 2.5kHz - - 40 -
Max. common-mode voltage2ax 400V - - - 8 B 3
Vg
TABLE IlI ac Grid
SYSTEM PARAMETERS E":@: : z::zz,j
Description Symbol (Sh (pu)
General Parameters PV Emulators E4360 HANPC converter
Rated active power Ppo 1.0kW 1 ) o ) )
Grid voltage line-neutral (rms) Vs 110V 1 Fig. 5. Simplified diagram of the experimental set-up.
Rated dc-link voltage Ve 190V 1.73 DS0-X 40244, MYS3L90321: Thu Mar 26 19:55:29 2015
Grid frequenc 50Hz 1 B 00w g 50w 10.08/ 00 2.000rms/ Py
Filter ind?Jctan(};/e {gs 3mH 0.12 i ' -B00.000Y 505 500V . 10.00004 A00.000v 20.00ms
Filter losses Rs 0.152 0.018
dc-link capacitance C1 =0 3.9nF 0.88 h . "nllllm".l " "I_'|||||'1|"|I|
dc-link resistor losses Rc1 = Rea 10k$2 1.24k |'ﬂ |\||||\ ‘l.m- “."
Serie and parallel PV modules  ns, ny 4,1 ||||ll||||l||.||lH ||I[.||‘l|
Max. power of PV-mod. Pom 125.93 0.084
Open circuit voltage of PV-mod. Voe 52.30 0.531
Max. power voltage of PV-mod.  Vpm 47.70 0.43
Short circuit current of PV-mod. Isc 2.81 0.21
Max. power current of PV-mod.  Ipm 2.64 0.19
Control Parameters
Av. switching frequency limit fio 2.2kHz 40 i
Sampling time Ts 32us 625
dc-link voltage design BW, ¢ 2Hz, 0.707 -
dc-link voltage PI Controller kp, ki -0.0408, -0.177  -,-
P&O updating period Trppt 2s 100
P&O updating voltage step AVimppt 5V 0.045
Weighting factors Niy Ap 0.1k, 1k A
Weighting factors Af, An 62.5, 50 =

Fig. 6. Experimental results in steady state: CH1) inverter voltage
depends directly on each switching state and has a variatyriiow), CH2) grid voltage (green), CH3) grid current (blue) and CH4)

waveform of five different values as summarized in Table®fInk voltage (red).
and only the state8, 4 and6 can be selected to achieve the
vy, Minimization, while the output levels are reduced to onl
three different valuesyy., 0 and —vg.. Thus, the resulting 2 ™ ™itsipprimeminnniic  reynbsdimpy o e mAp
leakage current,, is mitigated if the CMV is fixed due
to i, ~ Cpyduny/dt, WhereCy, is the equivalent parasitic 1 S o
capacitance of PV modules respect to the grounded fran0
This control goal can be allowed by the new cost function o 01 02 03 040 01 02 03 04
Vde — (VaN + VbN) 3

9n = V::rrnnax ’ (24) ZWMW*’WWW by A A sy e
9 =Ng7 +Xg5 +A397 +A0gn, (5 B ]
where ), is a constant scalar factor that enables tr — fs, — fs,,

CMV control. Finally, a normalization method to select thg

weighting factors used in experimental results is presente ©¢ %X 02 03 040 01 02 03 04
Time (s) Time (s)

F Welghtmg Factor AdJUStment Fig. 7. Experimental results of average device switching frequency in

In the literature there are two ways to select the weightirlg'z-
factors associated with each control objective. The fir# omhis allows to weigh each error such that all the cost fumctio

uses iterative offline simulations to achieve a desired@uts, elements give the same value. Then, the weight valyes,
and the second one expresses some mathematical depesdenciéds are chosen to fit this goal as follows,

between the control goals [16]. A different procedure, in o= s _ (26)
the line of the second method, is explored to select these Ismax ’

scalar factors. The goal in this procedure is to weigh each 8= En‘igz =0.001, (27)
of the different errors such that the value generated in tis¢ ¢ Vie

function is comparable in magnitude between each othes, thu = ‘?f:;’; =.016, (28)
making all objectives relevant to the cost function. This ca sw

be achieved by making an estimation on the average absolute §= Vem _ o9, (29)

error,e; expected for eaclrth variable presented in Table II. Vet



For the studied system, it is expected to have an ave - 240 ' ' ' ' ' 7
normalized error for each variable as shown in (26)-(: = — e
Finally, each normalized error is weighed by the respec - 190 \ by e -
value, such that when a variable reaches the expected « =
the respective cost function element shows a value of 1.

1
A = — =100, (30)
a —
1 =
X = = = 1000, (31) 3
g S
1
Af = — = 062.5, (32) 0 : ' ' : ' : -100
: vy 0 10 20 30 40 50 60 70
1 1.02 T T T T T e
)\n - g - 50 (33) /E': 1.01}F 4
£
< 099}
IV. EXPERIMENTAL RESULTS 0.98 X . . . . .
.. 10 20 30 40 50 60 70
A. Set-up Description Time (s)

The proposed control scheme in Fig. 3 is testetg. s. Experimental results emulating an irradiance change: a) de-link
experimentally on an downsized prototype set-up, compose@tiage tracking and its reference, b) total generated PV power, active

by two NPC Iegs. Each NPC Ieg is considered as a Pov\ﬂg?d reactive power injected to the grid and c) power factor.
15

Electronics Building Block (PEBB) based on the Semikrc_ o
device SK20MLI066 [32]. The converter is connected to w2 ! g
series PV emulators Agilent E4360 with two channels. ThiX <
it is obtained a PV string composed by four emulated > _0: = OZ
modules. The ac-grid is connected with a circuit break 25 s 75 10 1225 o 002 004 006 008
and with a reduced voltage value, rated at 110V. The U g =
control, ac-side and dc-side system parameters are fatlydi < om E OP‘\MWW
in Table Ill. The simplified diagram of the experimental getL = _,, > -250
is depicted in Fig. 5. The algorithm is programmed with  _,; = ~500
code in a dSPACE 1103 running &t = 32pus. Y P R R - 1250 002 004 006 008
B. Steady-State Operation % — s 4

The following experimental results are obtained at emdlal i B Bl S i e
Standard Test Conditions (STC) conditions. Note thatthe < =

~ -8

value is slightly higher respect to commercial PV modul: 25 5 75 10 125 0 002 004 006 008

due to the fact that the series connection of PV emulators .o el _ _ e _
limited to 240V onIy Fig. 9. Experimental results during dc-link capacitor voltages dynamic

. . condition (left) and by enabling CMV control method (right).
The performance of the prototype is presented with steady

state and dynamic conditions. The first results shows tleelgte discharge and its rms value is 2.55V. The maximum NPV

state of the fundamental control variables consideringgtice  value is 3.09V, while the average voltage is 0.68V.

current control, the NPV minimization and th&/dt and The next steady state waveforms are the computed average

f*,=2.2kHz as is depicted in Fig. 6. Note that, this referencgevice switching frequency observed in Fig. 7, where the

is lower than the conventional switching frequencies ,(i.eaverage switching frequency of each gate signal of the

5kHz to 20tHz) used in commercial inverters for a gridconverter are shown. The average value obtained for eaeh gat

frequency of 50/60Hz, however the voltage pattern obtainéénction is around 2.2Hz with an almost fixed value respect

with the proposed control scheme is the same that mLS-PWMthe fixed imposed constrairft,,,.

proposed in [3] without any modulation scheme. Two general dynamic conditions are experimentally tested.
The five-level stepped voltage waveform of Fig. 6 has bediie first one is related to environmental variations, witile t

acquired with the digital oscilloscope Agilent DSO-X 4024/second one is related to changes into the control scheme, for

and presented in Channel 1 (yellow). Waveforms of Chanr@ample enabling or disabling some weighting factors of the

2 (green) and Channel 3 (blue) are the grid voltage and tpeedictive control scheme.

resultant sinusoidal grid current, which are in phase as a ) ) )

requirement imposed by the user. The flat waveform shafse OPeration during Transients

of the grid voltage is due to the polluted grid condition Firstly, the solar irradiance is decreased frorokW/m? to

at that time which contains an important component 8f 50.8kW/m? at t = 20s and then increased back t®kW/m?

and 7" harmonics. Channel 4 (red) shows the total dc-linkt ¢+ = 50s. Note that, the P&0O MPPT algorithm is applied

voltage. The oscillations of the dc-link voltage represeghe every 2s with a step voltage of 5V, i.e., a speed range of

well-known 100Hz component due to capacitor charge and,.... = 1.25%/s [33]. These changes are performed on each
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Fig. 10. Experimental results during dynamic conditions with the — 00 05 1 15 2 25 3

enable CMV reduction method: CH1) inverter voltage (yellow), CH2) grid

voltage (green), CH3) grid current (blue) and CH4) dc-link voltage (red). Frequency (kHz)

. Fig. 11. Experimental spectra with CMV control: FFT of (a) vs, (b) vap
PV emulator changing the paramefgy, from 2.64A t0 2.04A  and (c) is.

of the programmed I-V curve for each channel. 15
As expected, the oscillations of the dc-link voltagt
represents the waveform obtained with &® MPPT method
and its value is 2AV,,,,,=10V. Then, under an irradiance
step this well-known fashion is modified as is appreciate
att = 20s andt = 50s in Fig. 8a. Nonetheless, the meai P o 2 2 s 0 100
value voltage reference is retained. Note that, theseiamae Inductance Error, A L, (%)
steps are not ve_ry re_allstlc, but it is considered here. tNVSh%i .12. Experimental THD of grid current by using different inductance
the effect of an irradiance change on the photovoltaic powg?ors.

AL
Ly = Lyo(1 + 100y)

systemP,, and then over the injected active powgy as is TABLE IV
presented in left scale of Fig. 8b. The reactive power intrigh ALGORITHM EXECUTION TIMES WITH T = 32 (us).
scale of Fig. 8b has been imposed to be zero under all the ™ Without dv/dt limitation With dv/dt limitation

operation time achieving an unity power factor as depicted i Tme ot ot tmaz || TiMme  Z ot lmaz

Fig. 8c. A zoom of the dc-link voltage with its reference and— %”g% E,” 528 (%27 — (8“22, E,” 536 (%27

. . me
the powers under an increase MPPT step voltage are included,;, 413 0084 423 t,y 415 0.070 4.23
D. Control Scheme Changes tmpe 13.57 0.026  13.65|| tmpe 529 0.021 5.34

Total 26.88 0.088 27.09| Total 1857 0.085 18.72

Two different dynamic tests of the control scheme are
experimentally reported. The first one is the disabling & th The harmonic response with CMV control is depicted in
NPV minimization component on the overall cost functiofrig. 11, where the spectra of;, v,, andi; are presented.
Fig. 9 (left). In Fig. 9a the associated normalized weigitinThe data has been sampled at 3kR5, while the FFT
factor is disabled it = 5s and then enabled againin= 10s, analysis has been computed by considering 60 periods of
resulting a capacitor voltage evolution as presented in®g f,. The harmonic content is plotted until the 60th harmonic
Note, that the total dc-link voltage tracking (Fig. 9c) rénsa (3kHz), with the band-sides,, + f, of the obtained average
unchanged under the test. switching frequency is included in the zoom of Fig. 11b. The

The second test is related to CMV mitigation Fig. 9 (rightyesulting grid current THD obtained without and with the
The weighting factor that commands this control objectiveMV minimization is 2.45% and 4.98%, respectively. This
is enabled int = 0.04s as shown in Fig. 9d, resulting in aTHD increment is due to the number of levels of converter
change of the CMWy,, fashion from high frequency to low output voltage is reduced from five to three levels only
frequency waveform aff, (grid frequency) as is plotted in allowing the common-mode minimization. In both cases the
Fig. 9e, while the NPV minimization is retained as is presdnt THD value is below the established by IEEE Std. 1547 [34].
in Fig. 9d. Finally, in Fig. 10, the converter output voltag&inally, the CMV minimization is achieved by modifying the
changes from five to three voltage levels as is illustrated modulation stage or control stage only, without any extra
Channel 1 (yellow). As observed in the previous subsectiomardware. On the other hand, the big cost to perform this
with a lower number of voltage levels the resulting lownodification is an increased THD as has been verified by
frequencies of the grid current are increased. This issueeigperimental results, which must be taken into considamati
depicted in Channel 3 (green). during the design of the inverter filter.



TABLE V 100

COMPUTATIONAL BURDEN OF PREDICTIVE CONTROL LOOP.
. Without CMV  With CMV
98
Task Operations min. (n=9) min. (1=3)
: Sums: 11 <
Extrapolation Products: 7 18 18 s; 96 |
- Sums: 6@ £}
Prediction Products: 4% 1017 339 é ol
S Sums: @& 5 \ LS-PWM
Optimization Products: & 108 36 \\ LS. PWA
Sums: 72+11 92} o FCSMPC-5L| ]
Total , 1143 393
Products: 58+7 | FOSMPC-31L,
_ — _ _ %0 . . . . . . . . .
Finally, a sensitivity analysis respect to the normali 0 10 20 30 4 5 60 70 8 90 100
. —_ . 07
inductance error computed asl, = IOO% is presentec Input Power (%)

in Fig. 12. Here the nominal value i& O:gogmH which is Fig. 13. Efficiency of PR with LS-PWM and FCS-MPC controllers
- . - g ’ . (\)})erating at V=190V and P,v=0.1 to 1kW.

the used value in previous experiments. Note that, a pesiti

inductance error has less impact in the resultant THD of gr 2s0

current than a negative inductance error.

— LSPWM —— mLS-PWM

E. Computational Burden Discussion 0 AVAVAVAVAVAVAVAYAYAY
A computational burden analysis is presented in this sectic2so
As expected, implementing thév,,/dt voltage restriction it (@) ®)

is possible to decrease the burden time, due to only three_zgzo 01 02 0 01 02
seven states are evaluated, in comparison to the total n
states of the algorithm without amju,,/dt limitation. This 0
point is validated including a simple comparison in terms ¢,

0

processing time for both cases. Table IV shows the proagss () (d)
time of each stage considering 2000 iterations, where ts00; o1 52 0 o1 o2
time needed for measurementstjs, the time required for Time (s) Time (s)

SOGI-QSG PLL and filters ig,;, the time needed for the fig. 14. cmv with a) LS-PWM, b) PR with modified LS-PWM, c)
external control loop igp; and the time used for the innerFCS-MPC with five output voltage levels and d) proposed FCS-MPC
control loop (FCS-MPC algorithm) is,,,... The total average With three outputlevels.

processing times used in the algorithm without and withresented in this last section. Since the studied power
the dv,y/dt limitation are 26.8@s and 18.5/is, respectively. topology is a single-phase system, synchronized reference
Thus, with thisdv,,/dt limitation a 30% of reduction in the frame transformations are not directly proper for the grid
burden time is achieved. Finally, from Table IV, the stamdaiyrrent control, and therefore resonant controllers (RRgd
deviation of the calculation time is similar in both casehjl@/ o the grid frequency are required to compare the performanc
the maximum processing time in both cases is computedfie design of these controllers is a bit more challenging, as
identify the minimum sampling rate needed for the proposggey are more sensitive to mains frequency changes [35].
control SChe”_‘e- . i A relevant merit figure for power converter design applied

. Generally, in FCS-MPC, processing operations are quickly py gpplications is the converter efficiency respect to
increased if more number of voltage vectors an(_:i ObjeCtlyﬁ.ﬁe power range. Conduction and switching losses of power
are used. For this reason, the number of calculations e#hlizyjiches and resistive losses of passive components are
by the predictive algorithm is introduced in Table V, whiley a4 ated in this last section, where IGBT power losses are
the well-known external lineal controller is omitted. Th%omposed by conduction, turn-on and turn-off losses, vthite
computation is performed in terms of fundamental operafiony,erse and freewheeling diode power losses are composed by
SUCh, as number of sums and produ(_:ts .evaluat|ons_. T8hduction and reverse recovery losses. The conductisedos
algorithm has been evaluated by considering (25) witholts optained directly from the datasheet of the IGBT module
and with CMV voltage minimization, where the number of3] \hile the switching losses model is derived from [36].

szlgtzﬁiig?g?gi \S;e\j:\lti?r:savg;zis;;olrrll 493tg B;rz;ihoengvovtlshti:r? S8 order to qguantify the performance achieved with the
"= P ’ oposed control scheme respect to conventional ones, the

. LT : . pr
m.ust be co_mpu.ted In one samp_hng time. Fmally, accordlr{c)%nverter efficiency respect to the input power is measured.
with execution times and operations the minimum hardwafff

) : . . . . g. 13 llustrates the efficiency results of the system
implementation requirement is a DSP running at:&0which from 5% to full power range by using the parameters
is a minor requirement respect to the conventional DSPs used11

L . sUmmarized in Table lll. This figure shows the obtained
for power applications in the market, e.g., TMS320F28335 Qt.. . . . o i
TMS320E28377D. g?flmency for linear PR controller with traditional LS-PWM

) o ) and commercial mLS-PWM. Furthermore, efficiencies of

F. Brief Efficiency and CMV Comparison FCS-MPC operating at natural five output voltage levels

A brief comparison in terms of efficiency and CMVand with the proposed high-frequency CMV elimination are
of conventional schemes respect the proposed schemen@uded. It is well-known that a reduced overall commuias



number will reduce the switching losses and the efficiency [i®]
increased. Thus, a 0.5% of efficiency improvement is ackieve
with the proposed strategy respect to the solution reported
in [3]. Finally, Fig. 14 shows the obtained CMV of the[i3]
evaluated methods. In conclusion, conventional PR cdatrol
with LS-PWM and FCS-MPC with five output voltage levels
generate potential leakage currents due to the high-frexyuey4)
in the resultant CMV, while the solution with mLS-PWM
and the proposed FCS-MPC generate only a fundamental
low-frequency component. [15]

V. CONCLUSIONS

This paper shows the implementation of FCS-MPC on [26]
single-phase photovoltaic grid-connected system basedtieon
commercial H-NPC PV inverter. The programmed control
scheme provides current reference tracking, dc-link démac 17
voltage balance through the neutral-point voltage minatian
and average semiconductor switching frequency limitatio
Furthermore, a common-mode voltage minimization has be@n
reported as an attractive method to avoid the potentiablgak
currents. The proposed control scheme has been satisfiactor
validated for steady state and dynamic operation uno%sr;]
experimental conditions in a downscaled power converter.
Finally, FCS-MPC appears as a very flexible control scheme
to grid-tied PV applications. 2
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