http://dx.doi.org/10.5755/j01.eie.22.3.15316

ELEKTRONIKA IR ELEKTROTECHNIKA, ISSN 1392-1215, VOL. 22, NO. 3, 2016

New Operation Strategy for a Grid-Connected
Three-Phase Three-Level NPC gZS Inverter
Based on Power Losses

Carlos Roncero-Clemente'®, Enrique Romero-Cadaval', Oleksandr Husev?, Joao Martins®
'Power Electrical and Electronic Systems (PE&ES) Research Group, University of Extremadura,
Spain
’Department of Electrical Engineering, Tallinn University of Technology,

Tallinn, Estonia
SUNINOVA and Faculty of Sciences and Technology, University Nova de Lisboa,

Lisboa, Portugal
croncero@peandes.net

Abstract—This paper proposes a new operation strategy for
a three-phase three-level neutral-point-clamped quasi-
impedance source inverter in a grid-connected mode. The
strategy is intended for any inverter based on impedance source
networks where the shoot-through states allow a wider input
operation range. This feature is commonly requested in
photovoltaic applications due to variations in the level of
irradiance. Converters of that family have different control
variables or degrees of freedom that can be used to boost the
input voltage. In the first step, focus was on possible control
variables for the design of the control strategy to regulate the
active/reactive power. We used a power losses analysis to
determine the most suitable variables in each input voltage
interval. Our detailed description for the design of the control
strategy is based on the well-known relationship in an electrical
system between P-§ and Q-V. Good performance of the full
system was validated by simulations.

Index Terms—Distributed generation; impedance source
inverter; power losses; grid-connected algorithms.

I. INTRODUCTION

Shortage of fossil fuels and the need for reduction of CO,
emissions, among other reasons, have resulted in increased
use of inverter-based distributed generators (DGs) connected
to the low-voltage distribution network (Fig. 1) [1].
Typically, they interact with renewable energy sources
(RES), such as photovoltaic (PV) modules [2] and wind
turbines [3]. To add here, they are present in any energy
storage process [4].

According to long-term studies of the PV systems, a PV
inverter has been used merely to inject power into the main
grid with a unitary power factor [2]. Today, new trends and
policies propose to integrate them as active and smart
devices [5]. This philosophy contributes to the change from
the traditional and linear power systems to the smartgrid and
microgrid concepts [6]. In this way, inverters would be able
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to contribute to the local voltage support, improve the power
quality and give rise to flexibility and security of supply.
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Fig. 1. Basic scheme of a PV DG connected to the low-voltage distribution
network.

Concurrently, efforts in industry and research are targeted
to cost reductions and enhanced performance of the energy
conversion process, with a focus on the inverter topologies.
PV inverters are traditionally characterized by a two-stage
conversion process composed of a dc-dc boost converter and
a voltage source inverter. Some innovative ideas seem quite
suitable for this application because they can step up the dc
input voltage in a single power conversion stage by using
impedance source network (ZSN), quasi impedance network
(9ZSN) or its derivations [7]-[9]. Among other advantages,
this converter family allows the following: voltage
boost/buck, extended range of operation, low cost and high
efficiency, strong electromagnetic immunity, no need for
dead time, minimum number of semiconductor devices,
improved reliability and performance, and short-circuit
protection. Furthermore, impedance networks have been
integrated with multilevel bridges (ML) [10] to acquire their
intrinsic advantages.

However, because of a relatively early stage, only few
studies address grid-connected integration with closed loop
control systems, which basically must provide coexistence of
an operation strategy of the inverter, a maximum power
point tracking (MPPT) algorithm, a dc-link voltage control
method [11], and a special modulation technique to embed
the shoot-through states into the normal ones [12].

This paper presents the design of a new operation strategy
based on a grid-connected three-phase Three-Level Neutral-
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Point-Clamped quasi-Impedance Source Inverter (3L-NPC-
gqZSI) [13] for active (P) and reactive (Q) power delivery
into the main grid. As this topology provides new degrees of
freedom that can be used in the operation strategy design, a
power losses analysis was performed to select the variables
that contribute to a higher performance of the converter in
each operation range (depending on the input voltage). The
proposed ideas were validated by a comprehensive
simulation study in PSCAD/EMTDC.

3L NPC|

. |Inverter

qZS Network

Fig. 2. Schematic circuit of the grid-connected three-phase 3L-NPC-qZSIL.
Case study.

LCL filter

II. DESIGN OF THE GRID-CONNECTED OPERATION
STRATEGY

A. Basis of the New Proposed Grid-Connected Control
Strategy for a 3L-NPC-qZSI to regulate P and O

A grid-connected operation strategy for the new family of
converter topologies based on ZSN or qZSN together with
ML bridges can be derived from traditional approaches. In
this sense, in a balanced three-phase system, if Vg, and V,
are the RMS generator and the point of common coupling
(PCC) voltages respectively, P and Q are given as [14]:

VoorV,
P=-2%4ing, (1)
gen
Vg
0= X—(Vgencosé —Vq), 2)

gen

where o represents the angle between Ve, and V, and Xge, is
the impedance of the generator. Assuming that ¢ is small, (1)
and (2) can be approximated by the first term of the Taylor
series as:

VoenV,

P~S7E5, (3)
gen
2
VoVaen =V,
0~ 5075 @)
Xgen

These equations are widely used in traditional power
systems to control high power synchronous generators where
the manipulated variables for power regulation are P (J) and
O (Vgen -V,). Analogy can be drawn between the previous
equations and the equation that governs the RMS phase-to-
neutral output voltage of the new inverter [13]
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where M is the modulation index, Vg represents the dc-link
voltage, Vi, is the input voltage, and Dj is the shoot-through
duty cycle. Therefore, to modify Vi, (buck or boost) in
relation to V;,, we have two control variables (M and Dy)
based on a simple boost control (SBC) for a modulation
technique [15] where D; has to be in a range of M < 1-D.
Finally, combining (3) and (4) for the particular case of 3L-
NPC-qZSI (5), we obtain the following relationships
between the control variables involved:

P =P(9),
0=0(M,Dy).

(6)
(7

In addition, the third harmonic injection is commonly
used in a three-phase inverter to increase the linear range of
M and in consequence, the voltage gain range as well.
According to [16], the maximum M is approximately equal
to 1.15 when 1/6 (= 19 %) of the third harmonic is injected.

Based on the aforementioned equations, thanks to the
shoot-through states and by injecting the third harmonic in
the reference signal, the buck-boost possibilities are larger
than in a conventional inverter. V;, can be step up or down
by regulating M, D, and/or the percentage of 3" harmonic
injection. Taking into account the well-known electrical
relationships between (P-6 and Q-Veen (or Viw)), we will
assume that the degrees of freedom to manipulate the
delivery of P and Q by the inverter are:

P=P(5),
0=0(M,D,,% 3" injection).

)
)

It should be highlighted that in PV applications, the
reference of the active power is usually obtained from the
MPPT algorithm, to extract the maximum amount of power
available in the PV array [17]. Several approaches in the
literature [1] can be used to generate the reference of Q. In
our case, the maximum capability of the inverter (Sy, defined
by the rated current of semiconductors) is considered, and
the equation for the generation of the reference of Q is given
by that in Fig. 3.

Fig. 3. PV inverter regulation capability.

B. Design of the Grid-Connected Control Strategy Based
on Power Losses

In steady state grid-connected conditions, to control P and
O flows successfully with a traditional single-stage 3-phase
inverter operating with a sinusoidal pulse-width-modulation
(SPWM) (only buck mode is allowed), Vi, higher than 650 V
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is required, i.e., to generate 230 V RMS phase-to-neutral
voltage. This requirement changes in the case of single stage
buck-boost inverters based on ZSN like the three-phase 3L-
NPC-qZSI. Due to the shoot-through states and the third
harmonic injection, the buck-boost operation range
depending on the input voltage is wider there. We can
distinguish three different regions (depending on the input
voltage) since the maximum M when a 1/6 of the 3
harmonic is injected is 1.15. The threshold where the third
harmonic is required is 565 V of V;,. Different situations that
can be presented depending on the input voltage are
summarized in Table I.

TABLE 1. POSSIBLE CASES FOR BUCK-BOOST CONVERSION IN
GRID CONNECTION IN THE 3L-NPC-QZSL

Vin Working M % 37 harm. Ds
mode

M<1 0 0

Buck M<1.15 0<%<19 0
Vin> 6507 mode M<1 0 0<Ds<1-M
M<1.15 0<%<19 0<Ds<1-M

0,

650 V>Vin | Boost | MSLIS | 0<%<19 0
Vin>565V mode M<1 0 0<Ds<1-M
M<1.15 0<%<19 0<Ds<1-M
. Boost M<1.15 % =19 0<Ds<1-M
Vin< 365V mode M<1 0 0<Ds<1-M

To evaluate the working modes within all possible
combinations between M, D, and % 3¢ harmonic with
variable input voltage, the criteria of power losses were
selected according to Table 1. The full system [11], [13] was
modelled in PSCAD/EMTDC with the values of the real
parameters, and tested by varying the input voltage while
maintaining 230 V RMS at the output, paying attention to
the global inverter efficiency (including switching and
conduction losses as well as those in passive elements) at
nominal power (5 kW). The obtained results in each test are
presented in Fig. 4.

Starting from V;, > 650 V, there are several possibilities to
produce the desired output voltage. The first case is working
in a simple buck mode (M < 1, % 3™ h. = 0, D,= 0), with the
efficiency represented by a green line. In the second option
(M < 1.15, % 39 h. = 19 %, Ds; = 0), the efficiency is
represented with a magenta dotted line. Possible
combinations in between (M < 1.15 and % 3 h. < 19 %) are
represented in the area between both lines. The third case
considered is at D, = 0.065 (value that produces a voltage

gain of 15 %), % 3™ h. = 0 and M < I-D,, with the efficiency
represented by a red dotted line. We can see a significant
reduction of the efficiency due to the application of the
shoot-through states. Efficiencies of the combinations
between 3 h. < 19 %, Dy = 0.065 and M < 1-Dy are
represented between both lines. Down the red dotted line, D;
>0.065, % 3™ h. = 0 and M < 1-D;, the efficiency decreases.

In the band between 565 V (minimum value of Vi, to
produce 230 V RMS by injecting 19 % of 3" h.) to 650 V,
different possibilities are revealed. The first case is
considering (D; =0, 0 < % 3 h. <19 and 1 < M < 1.15),
with the efficiency represented by a green line. The other
case is (in blue solid line) composed by % 3 =0, 0 < D, <
0.116 (equivalent value to boost the input voltage from
565 V to 650 V), which matches with the worst efficiency in
this interval. The efficiency of possible combinations is the
enclosed area between both lines.

In the interval from 565 V, two ways of operation are
available. In the first mode, D; starting from the point (% 3™
h. =19 and M = 1.15) is modified (green line). The second
mode is by controlling the 3 harmonic injection,
maintaining 0.19, D, = 0.116 (black line). Both lines
converge when the input voltage is 491 V (D; = 0.116, % 3
h.=0.19).

In the last interval (Vi, < 491 V), the best solution from
the efficiency point of view is to inject the maximum value
of 3" harmonic (19 %) and increase the D; from 0.116. It is
also represented as a green line. Therefore, the best
operation is achieved by using the parameters in bold in
Table 1. Those parameters along the 6 angle of the reference
signal will be the control variables of the proposed control
strategy to regulate the active and reactive power delivery
into the grid by the three-phase 3L-NPC-qZSI.

III. PROPOSED OPERATION STRATEGY

Based on the ideas presented in the previous section, to
regulate P and @, we selected the following control
variables:

P=P(5), (10)
0 =0(M)if Vjy > 650V, (11)
0 = O(M)with 3" h. injection if 565 V<V <650V, (12)

Q = Q(D)with 3™ h. injection if Vjy <565V.  (13)
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Fig. 4. Efficiency estimation depending on the working mode.
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Hence, by the simple integral (I) controllers, references of P
and O could be properly tracked, regulating the defined
control variables. Due to the power control loops present
coupling according to (6) and (7), one control loop has to be
faster than the other one. Each integral controller is tuned
manually by a trial and error method.

Fig. 5 shows the implementation scheme of the proposed
control strategy. As shown in the sketch, depending on the
value of the input voltage, one or others control variables are
involved in the reactive power control loop. The adjusted
values of (8, M, ...) will compose the reference signal as the
input of the SPWM block (called 3-phase generator with
SBC). The shapes of the reference signals in each working
mode are presented in Fig. 6.

In order to synchronize with the main grid, a feedforward
loop with the phase of the grid voltage was added to the
output of the integral controller that regulates the active
power. It avoids undesired transients during the grid inverter
connection.

IV. SIMULATION STUDY

To wverify the proposed strategy, a comprehensive
simulation study was performed in PSCAD simulation tool.
Table II presents all the parameters used in each of the three
simulation studies in [11] and [13], one per interval of Vj,.
Basically, the tests consist in two different reference steps,
as in active (P, and reactive reference (Q.s) power to
check if all the control variables and electrical magnitudes
are under the expected values. P,.s changes from 2 to 3 kW
at second 1.5 (limit between zone A and B) and Q,.r changes
from 0 to 0.5 kVAr in second 3 (zone C).

A. Casel. Vi, > 650V

In this case, the converter has to work in buck mode by
using the variable in bold in the first row of Table 1. Hence,
the reference signal will have the shape of Fig. 6 a).

Fig. 7 shows the main obtained waveforms: a) measured
active and reactive power, b) evolution of &, ¢) evolution of

M, d) grid currents and voltages, ¢) dc-link voltage, and f)
input current and voltage.

B. Case2.650V>Vy,>565V

In this case, the converter has to work in boost mode by
injecting 19% of 3" harmonic according to Table L. In this
case, the reference signal will have the shape of Fig. 6 b).

Figure 8 shows the main obtained waveforms and control
variable evolution as in the previous case: a) measured
active and reactive power, b) evolution of &, ¢) evolution of
M, d) grid currents and voltages, e) dc-link voltage, and f)
input current and voltage. The references are tracking
successfully again.

TABLE II. SIMULATION PARAMETERS

Parameter Unit Element Value

Inductors L1,L2,L3 and Ly (mH) 0.9

CI’%E) gjl;olfis s (uF) qZ network 200

T (°C) 25

Ln (mH) 1.2

Lp (mH) Output filter 0.5

Cr (uF) 0.11

RMS Voltage: U-* V) . 400
Short-circuit power: % Grid 2MVA

parameters

Frequency Hz 50
Nominal power: S» kVA 50 kVA
Nominal winding voltages \Y 400/400

Positive sequence Power

reactancgz Xa p-u transformer 0-04 pu
Open circuit losses 0.003 pu
Copper losses 0.005 pu

Cupper and Ciower (kHZ) 50

General
Cs-t (kHz) parameter 100
Simulation step (us) 0.2 (50 fsw)

C. Case3. Vi <565V

In this new situation, the converter has to work in boost
mode by injecting 19 % of 3'¢ harmonic and by means of D.
In this case, the reference signal has the shape of Fig. 6(c).
Figure 9 shows the main obtained waveforms.
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Fig. 5. Main diagram blocks of the proposed grid-connected control strategy.
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Fig. 6. Shape of the reference signals in each interval depending on the input voltage: a) Vi=> 650V; b) 650 V > Vi, >565 V; ¢) Vin <565 V.

V. DISCUSSION

In the first interval (V;, > 650V), the input voltage boost is
not required. By manipulating the angle ¢ (Fig. 7(b)) and the
M (Fig. 7(c)), the references of active and reactive power are
tracked successfully (Fig. 7(a)). In the same picture, a
coupling between both power control loops is appreciated. It
is due to both J and M involved in the main equations of P
and QO ((1) and (2)). This effect is more significant in the
low-voltage distribution network where the coefficient R/X
becomes higher and the assumptions adopted in (3) and (4)
lose applicability [18]. This coupling may be mitigated by
using control techniques based on a d-g rotating reference
frame [11]. Finally, the waveforms of grid voltage and
current in region 3 (Fig. 7(d)), where the inverter is injecting
both P and Q, demonstrate a good quality, with a low value
of total harmonic distortion (THD < 1.5 %).

In the second interval (650 V > Vj, > 565V), it is required

&

to boost the input voltage for the grid-connection. Resulting
from the power losses study, it is better to use the injection
of 3" harmonic than the shoot-through states. The results
revealed in Fig. 8 are very similar to those of the previous
case.

In the last interval (V; < 565 V), the 3¢ harmonic
injection is not enough to boost the input voltage. Hence, the
injected power would not be regulated. QO is tracked by
adjusting the Ds in this case, allowing a higher input voltage
boost, as expenses of higher power losses, as section II B)
demonstrates. Small changes in D, (Fig. 9(c)) produce
significant variations [19] in the voltage boost, hence also in
reactive power. This effect is transferred to the output side
[19] where the quality of the output current and voltage
(Fig. 9(d)) is lower than in the previous cases (THD of the
voltage around 4 %). For this reason, the integral controller
dedicated to D; is tuned to produce a slower response.
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VI. CONCLUSIONS

This paper has presented the design of a new operation

strat

egy for a grid-connected three-phase 3L-NPC-qZSI to

regulate the injected active and reactive power. The strategy

alon
inve
that

g with the closed loop controls can be used for any
rter based on ZSN or its derivations. The main feature is
they can boost the input voltage by means of the

insertion of the shoot-through states. As new control
variables (or degrees of freedom) are available in this family
of power converters, a study of power losses was developed
to determine the variables that seem more suitable to be

man

ipulated depending on the required voltage boost. Once

these variables have been selected, the control strategy can

be
obta

designed and implemented. The simulation results
ined validated the proposed ideas and the expected

behaviour of the full system.
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