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Abstract— Six-Switch current source inverter (CSI) is a
promising unidirectional DC-AC power conversion topology
deduced from the reversed structure of the very sparse matrix
rectifier. This latter is a single-stage boost-type inverter suitable
for grid-connected applications as it provides active power
injection from renewable energy sources into the AC grid. This
paper investigates the performance of three different soft-
switching strategies for three-phase six-switch grid-connected
CSI. These strategies are analyzed in terms of the number of
switching transitions, DC-link current ripple, average global
value of the conduction and switching power losses, as well as,
the quality of the injected grid-currents. The proposed
evaluation is based on both, theoretical analysis and computer
simulations. A comparative study is, commonly, established
and the optimum modulation strategies are selected.

Keywords—qgrid-connected inverter, power quality, SVPWM,
soft-switching, switching and conduction losses, PV energy.

I.  INTRODUCTION

Sustainable energy (SE) sources such as photovoltaic (PV)
systems, wind turbines, and fuel cells represent, nowadays, a
real alternative for the traditional electrical sources. Solar
energy is the finest amongst several green energetic resources;
therefore, the use of PV systems for electricity generation is
growing rapidly worldwide [1]. Inherently, solar modules are
voltage-controlled DC-current sources. In order to, properly,
inject the PV energy into the grid, a single-stage or multi-stage,
power conversion system is needed. These systems have to
adjust the DC-voltage across the PV generator and inject high
quality AC-currents with a controllable power factor into the
grid [2].

Active power injection into the grid can be achieved using
two families of DC-AC power conversion topologies, namely,
voltage source inverters (VSIs) and current source inverters
(CSIs). Despite their effectiveness, the major disadvantage of
VSls is the utilization of bulky and defective DC-link
capacitors as storage elements. Moreover, they are buck-type
converters as they require a DC-link voltage higher than the
peak amplitude of the line-to-line grid voltages. Consequently,
a high frequency transformer or a back-to-back DC-DC
converter are required to boost the DC-voltage to a desired
level [3].

Several VS| topologies were proposed in the literature with
the aim to, properly, interconnect the PV modules to the
electrical grid. In [4]-[5], three-phase multilevel inverters were
employed. Although they guarantee a proper interface between
the PV panels and the grid, these structures present several
disadvantages such as complex circuitry and increased nhumber
of power components, which reduces the efficiency and
increases the cost of the overall system [6].

Other interesting alternatives for  grid-connected
applications were investigated in the literature. For example,

Z-source inverters were reported in [7]-[8] specifically for
residential PV systems. These inverters are a combination of a
VSl and a CSI. Compared to multilevel inverters, they present
a reduced number of power switches. However, they produce
high input DC-current ripples, which results in high stresses on
the DC-link inductors and capacitors.

On the other hand, CSls are single-stage boost-type DC-
AC power conversion topologies suitable for grid-connected
applications. These latter offer several merits such as
symmetric sinusoidal AC-currents at the output side of the
converter, controllable power factor, fast power flow response
and low voltage stresses on the switching devices [9].
Moreover, a small DC-link inductor is used as a storage
element. These features make of the CSI an interesting
alternative for grid-connected applications.

In [9]-[10], a CSI topology was proposed for high voltage
PV systems. The switching pattern is based on a space vector
with pulse width modulation (SVPWM) approach and the ON-
durations of the inverter switches were calculated such that the
average value of the DC-link inductor current remains constant
over a switching period. A modified modulation strategy was
investigated in [11] with the aim to attenuate common-mode
currents. Although, a high DC-link inductance was used (i.e.,
24 mH) with a switching frequency of 25 kHz, an efficiency of
97% was achieved. In [12], the one cycle control (OCC)
strategy was applied for the control of the CSI. Using this
strategy, the inverter preserves the advantages of simple
circuitry, good stability, and fast dynamic response. Moreover,
the size of the DC-link inductor is kept at low values (i.e., 0.55
mH) with a, relatively, high switching frequency of 40 kHz.

In this manuscript, the topology of six-switch boost-type
grid-connected PV CSI is investigated. The control algorithm
is based on the SVPWM strategy. Using this technique, a
certain degree of freedom is permitted when selecting the
operating regions of active and zero vectors. However, the
choice of these vectors must comply with the restriction that
no short- circuit at the AC-side and no open-circuit at the DC-
side of the converter are allowed; a soft-switching process
should be guaranteed. Moreover, the optimum modulation
strategy should provide low power losses and high quality of
the injected grid currents.

In the subsequent sections, three distinct, soft-switched
patterns for six-switch grid-connected PV CSl are studied. The
performance of these switching strategies are evaluated in
terms of the number of switching transitions, DC-link inductor
current ripple, global average value of conduction and
switching power losses, and the harmonic component of the
injected AC-currents. The analytical expressions necessary for
the modulation of the proposed topology and for the
description of its characteristic parameters are provided. A
simulation model is, then built, to investigate the performance
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Fig. 1. Topology of Six-Switch Boost-Type Grid-Connected PV CSI

of the inverter and the obtained numerical results are presented
and discussed. Based on these results the optimum strategies
are selected.
Il.  TOPOLOGY AND PRINCIPLE OF OPERATION

The power circuit of the six-switch grid-connected CSI is
shown in Fig.1. The latter consists of six unidirectional power
switches, namely, S,u, Sars Spu» Sprs Scxs Sei, Obtained using
a series combination of an IGBT and an ultrafast diode to
protect the transistor against reverse voltages. A second order
CL-Afilter (Cf, Ly) is inserted between the grid and the three AC-
terminals to filter out the harmonic components in the line
currents. The DC-link inductor L, acts as the instantaneous
current source of the inverter used to limit the triangular ripple
A;qc Of the DC-current, whereas, the ripple 4,4, of the DC-
voltage is limited with the DC-link capacitor Cg..

The switching matrix of the proposed CSI is given by (1).

San  Spn  Scn
[Sln‘li] SaL SbL SCL (1)

The relationships between the inverter’s inputs (AC-
voltages/DC-current), and outputs (DC-voltage/AC-currents)
are given by equations (2) and (3), respectively.

€ga
Vac = [Siny] |:e§b )
[lmbl mv l‘:;C] (3)

v4c and iy are the instantaneous DC-link voltage and current,
respectively. eyq, egp, €4 are the line-to-neutral grid voltages
and ing, imps imc are the modulated AC-currents. The grid
voltages are supposed to be symmetrical and sinusoidal as
given by equation (4). Moreover, the injected grid currents are
required to be in-phase with their respective phase-to-neutral
voltages to guarantee a unity power factor operation.

o [ cos(at) ]

ga R 21
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E is the maximum amplitude of the line-to-neutral grid voltage
and w is its angular velocity. In the six-switch CSI topology,
only one upper and one lower switch per phase-leg is switched
ON at any time instant as described by equation (5) hereafter.
{SaH +Sy+Sy=1 5
SaL+SbL+ScL=1 ()

Accordingly, for each phase-leg, there exists four distinct

switching states, namely, 1, -1, 0, and X. State 1 implies that,
only, the upper switch S;; (i = a, b, ¢) is switched ON. State
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Fig. 2. Space Vector Diagram of the CSI

-1 implies that, uniquely, the lower switch S;; is switched ON.
State 0 implies that both switches S;; and S;; are switched
OFF, and, State X implies that both switches along the same
phase leg are switched ON. Hence, nine switching
combinations are available which yield six active vectors and
three zero vectors. Active vectors are obtained with the

switching states 1, -1, and 0. Their amplitude is equal to %Idc

and they divide the complex plane into six sectors of 60°
resulting in the space vector diagram of Fig.2. On the other
hand, zero vectors are obtained when the switching state X is
applied. It implies that the CSI is operating in a freewheeling
mode and both switches of the same phase leg are turned ON.

.  SVPWM oF SixX-SwiTCH GRID-CONNECTED PV CSI
The CSI should provide a controlled DC-voltage at the
input and impressed sinusoidal AC-currents at the output of the
converter. These currents are defined as follows:
cos(awt + ;) 1

[lmbl _1 Icos a)t ——+ goi)| (6)

lcos ot — =+ goi)J
Where [,,, is the maximum amplltude of the modulated
currents and ¢; is the input displacement angle.

If the effect of the LC-output filter is neglected, the
SVPWM technique synthesizes a reference current vector
defined in terms of the three-phase grid-currents as follows:

_ 2T AT n .
Lyes = g(iga + igbe]? + igcej?) = Ime](a)H(pi) (7)

Depending on its location within the space vector diagram,
two adjacent active vectors and one zero vector are used to
synthesize the reference current vector I,.... For example,
assume that I, is lying in sector 1 as shown in Fig.3. Here,
the two active vectors I, I, and the zero vector I, are
impressed with the duty cycles dgy,, dgc, and dgg.

ref - dablab + daclac + daa aa (8)

Moreover, the following condition must be satisfied at any
instant of the switching period.

_ dap +dgc +dga =1 _ 9)

According to the geometrical construction of Fig.3, the
following relationships are obtained.

V) |I_ref|

dabll_abl = sin (g -
dacll_acl = Sin(y)ll_refl
In Fig.3, E, is the space vector corresponding to the line-
to-neutral grid-voltage and 8 = wt is its instantaneous phase
angle in the complex plane. y =6+ % +¢; is the
instantaneous phase angle of I_n,f within its operating sector.

When d;is applied, the DC-current flows between the two
phases a and b resulting in |I..; | = I, and | I = I,

(10)
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Similarly, when d,is applied, we obtain |I.;| = I, and
|Iqc| = I4¢. Therefore, solving (9) and (10) into dy,, dg., and
dgq Yields:

Im . (%
dgp = 2sin (— — y)
Iqc 3

dge = 125in(y) -
Ldaa =1 _dab _dac

Define the modulation index m as the ratio between the
amplitude of the modulated AC-currents [,,, and the average
DC-current ;.. The maximum value of m is equal to 1 in the
linear modulation region (M., = 1).

m=% 12)
The duty cycles of the CSI, in sector 1, are, finally, written as:
dgp = msin (g - y)
dge = msin(y)
dog =1—dgp — dgc

The preceding equations can be generalized to the six
possible positions of I,..r by substituting the term y with y =
y—(k—1) % where k is the operating sector of I,..

. T —
d, = msin (5 — y)
d, = msin(y)
do = 1 - d1 - d2
Furthermore, the local average value of the modulated DC-

link voltage computed over a switching period can be
expressed as follows:

(13)

(14)

o ) (Udc> = dapeap — daclca (15)
Substituting (13) into (15) yields:
(vae) =msin (§~y) e —msin(y) eca  (16)
Finally, substituting (5) into (16) leads to:
(Vge) = ;mE cos ¢; 17)

Therefore, the control of the generated DC-link voltage is
proportional to the variation of the modulation index m. Since
My = 1, the maximum value of the DC-link voltage is:

(vdc)fmax = SE COS @; (18)
DefineE,_, as the peak amplitude of the line-to-line grid-
voltages, such that E,_; = +/3E. Therefore,
V3 A
(vdc)_max = 7EL—L COsS @; 19)
This implies that the generated DC-link voltage is always

inferior to the peak amplitude of the line-to-line grid-voltages.
The CSl is, consequently, a boost-type (step-up) inverter [13].

IV. SWITCHING STRATEGIES
To synthesize the target reference vector I, and the DC-
link voltage v,., a variety of switching sequences can be
applied. It is, commonly, known that the double-sided
symmetric patterns are superior to the single sided asymmetric

ones in terms of waveform performances. Therefore, in this
paper, only symmetrical sequences are investigated.
Inherently, three distinct patterns are available for six-
switch grid-connected PV CSI. The possible configurations of
active and zero vectors along with the voltage (v, = v, —
vg4) and current (i) waveforms across the DC-link inductor
for one pulse period [0, Ty, ] are illustrated in Fig.4. Here, the
expected waveforms correspond to the time interval where the
space vector grid-voltage E, is located within the first half

region of sector 1 (i.e.—% < 0 < 0); The line-to-line voltage

eqp 1S always greater than e,.. Additionally, the DC-link
inductor current and the DC-input voltage are assumed to be
constant over a switching period T, .

- Instrategy 1, Fig.4.a, the active switching states are placed at
the beginning of the pulse half-period while only one
freewheeling state is applied at the end [14].

- In strategy 2, Fig.4.b, one freewheeling state is placed at the
beginning of the pulse half-period while the active states are
placed at the end [15].

- Instrategy 3, Fig.4.c, the freewheeling state is placed between
two active switching states [16].

These strategies do not differ in terms of the number of
switching transitions. Moreover, they all allow a safe
commutation process of the CSI. Still, they result in different
performance in terms of power losses, dc-current ripple, and
the quality of the power injected into the grid.

V. ANALYTICAL EVALUATION OF POWER LOSSES
Power losses of static power converters are, mainly,
divided into two categories: conduction and switching losses.
A. Conduction Losses

Inherently, CSls present high conduction losses due to the
series combination of IGBTs and diodes. These latter are
relatively, easy to derive regardless of the modulation strategy.

According to [17], the instantaneous conduction
losses(p. jgpr (t)) of an IGBT are estimated as:
Percer(t) = ucp(t) i (20)

Peicr(t) = Uggo(t) i + 1 1% (21)

is is the current through the device. Ugg, is the forward
voltage drop of the IGBT and ¢z is its on-state resistance,
assumed as constant parameters to simplify the analytical
development. Therefore, the local average value of conduction
losses for an IGBT (P, ;s5r) over a grid period Ty is, given as:

Tg
Peiger = T_j Peicer@)dt = Ucgo Is ay + ep 175 rus(22)
0

)

Where I 4, and I gy are the average and RMS values of

the current through the power device, respectively. Similarly,

the local average value of the power conduction losses for a
diode (P, 4ioqe) Can be determined.

P gioge = Ur Is_ay + 74 1?5 gus (23)

Up and r; are the forward voltage drop and the on-state
resistance of a diode, respectively.

Thus, the local average value of power conduction losses
(P;,5) for a single switch (IGBT + diode), are given by:

Pos = (Ucgo + Up)ls_ay + (reg + 1) 175 rus

The global average value of power conduction losses (P,)
of the CSlI are, finally, determined by the summation of the

(24)
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local conduction losses P, ; of the power switches [13].

6
B ZZ Pc,s
1

According to (24) and (25), the power conduction losses of
the CSl are, mainly, dependent on the average and RMS values
of the switch’s current. Considering a constant dc-link current,
since the conduction intervals of every power switch for all
switching methods are the same, the conduction losses for all
strategies would be, practically, the same.

(25)

B. Switching Losses

The global switching losses of the CSI are, strongly, related
to the number of the switches’ commutations over a grid
period. These latter depend, in turn, on the adopted switching
strategy [18]. For example, Assume that I, is located in
sector 1, the freewheeling state is always obtained using the
switches of phase leg a. The upper switch S,; is ON state
during the entire pulse period while the lower switch S, is
commutating between OFF and ON states. Depending on the
switching strategy, the position of the zero vector within a
pulse period differs. Fig.5 shows the three possible switching
patterns obtained with the proposed switching strategies for
S,.- The theoretical waveforms of the voltage and current
across/through the switch S,;, (IGBT+diode) are, also,
depicted. Accordingly, when modulation strategies 1 and 2 are
applied, the switch S,; is turned ON and OFF once per pulse
period resulting in, nearly, similar switching losses. However,
when considering switching strategy 3, S,; commutates twice
per pulse period leading to higher switching losses of the
power device.

On the other hand, the switching losses of power semi-
conductors are proportional to the switching current and
voltage. A linearized expression of the switching loss energy
of a power switch was proposed in [19] such that:

lS US

=W, ——

v rest Itest Vtest
Vies: @nd I, are the test voltage and current provided by
the constructor’s datasheet. vg and i, are the power semi-
conductors’ voltage and current at the corresponding switching
instant. W, is the rated switching loss energy after being
turned ON and OFF once. In case of a power switch that

consists of a series connection of one IGBT and one diode,
W,es: is computed as follows:

W (26)

Wiest = Won 16T + Worr iger + Worr_dioae  (27)

Won-1cer and Wopp_gpr are the IGBT’s turn ON and OFF
energy losses; Wypr_gioae 1S the diode’s turn OFF energy

loss. According to Fig.5, the power switch S,; can be turned
ON and OFF more than one time within a pulse period
(strategy 3). The switching energy losses of S, for each
operating sector (W, ;) can be expressed in terms of the total
number of operations (turn ON + turn OFF) per period (Ngy x),
the current and voltage i and v as given by equation (28).
l 1%
Wsw,k = Nsw,k Wiest I_SV_S (28)
test Vtest
Moreover, within the 6 sectors of the space vector diagram,
the switch S,; commutates only in 3 sectors (k =1, 3,5). The

local average value of the power switching losses of S,;; over
a grid fundamental period can be determined as follow:

31 1
Psw,s = EE (Wsw,l + Wsw,3 + Wsw,s) = E fsw VVSW (29)
Wsw
The global average value of power switching losses (P,,,)
of the CSI are, finally, determined by the summation of the
local switching losses P, s such that:

6
Py = lesw,s (30)
The total power losses of the CSI are, finally, obtained as
given by the following equation (31) [20].
Pioss cst = B+ Py (€29)

According to (29), strategy 3 will present higher switching
losses and, therefore, higher total losses of the CSI as
compared to strategies 1 and 2.

VI. NUMERICAL SIMULATIONS

A numerical model was built using Matlab Simulink and
tested based on the following parameters; £ = 220+/2V,
f,=50Hz, fo, =10kHz, m=1, Ly = 2.05mH, C; =
548 uF, Ry =2Q, Ly, = 5mH and Cy. = 12.5 uH . The
PV generator is emulated by a DC-voltage source with 1,,, =
335V and a rated DC-power P;. = 1500 W.

Fig.6 shows the instantaneous waveforms of the DC-link
current iz, and the modulated voltage wv,. using the
investigated switching strategies. As can be seen, the current
iqc presents a triangular ripple of amplitude 41I,;. and
frequency f,. It is obviously clear that the maximum
amplitude of i, using all strategies is practically the same
(around 5.3A). Still, strategies 1 and 2 show reduced DC-link
current ripple when compared to strategy 3. These results are
conform to the theoretical waveforms presented in Fig.4. On
the other hand, assuming that I,..¢ is located in sector 1, v4,
fluctuates between the two line-to-line voltages e,;,, e, and
zero. The application intervals of these voltages differ owing
the implemented strategy and the average value of the DC-link
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Fig. 5. Switching pattern and the corresponding voltage and current of S_alL; T_ON and T_OFF are the ON and OFF durations of the switch, respectively

(Operation within sector 1 and e > €4)

voltage is (V) = 330 V that is equal to the value expected by
analytical calculations (equation 19).

The instantaneous waveforms of the voltage vg,, across
the lower switch S,, of phase leg a along with its
corresponding current s, are illustrated in Fig.7. It is
obviously clear that when modulation strategies 1 and 2 are
implemented, S,;, commutates once per pulse-period resulting
in low power switching losses (Fig.7.a and Fig.7.b). However,
when modulation strategy 3 is applied S,; commutates twice
per-pulse period causing higher switching losses in the power
semi-conductor device (Fig.7.c).

Furthermore, the injected grid current iy, along the grid
line-to-neutral voltage e, obtained with the three switching
strategies are drawn in Fig.8. is, presents a symmetric
sinusoidal outline with a peak amplitude equal to the DC-link
current I,.. Additionally, regardless of the switching strategy,
lgo and ey, are practically in phase. A near-unity
displacement factor operation is, therefore, achieved. Besides,
the THD of the injected gird currents with an extended range

of modulation index m is depicted in Fig.9. It is clear that
strategies 2 and 1 provide high performance in terms of
reduced grid current THD which are equal to 3.69% and 3.51
%, respectively, for m =1. The harmonic component of i,
increases with the decrease of m and strategy 3 remains the
worst in terms of power quality since the THD of the injected
current exceeds the limits specified by grid codes, which is set
to 5%, particularly, when m is below 1. The best performance
of the CSI are obtained with m =1.

Finally, the power circuit was built in PLECS and a co-
simulation was performed to estimate the inverter’s power
losses. The selected semiconductor devices are IGA30N60H3
(IGBT) and IDP30E60 (diode) of Infineon technologies. The
conduction and switching power losses are, then, obtained
based on the parameters provided in datasheets and the
operating conditions of the inverter. The analytical and
numerical results of the power losses of the CSI using the
investigated switching strategies are presented in Table.1 for
m = 1. According to this latter, strategies 1 and 2 present,
practically, the same power losses. However, strategy 3
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presents higher switching losses and, therefore, higher total
losses. Consequently, the efficiency of the CSI decreases when
implementing this strategy. The variation of the CSI’s
efficiency as a function of the modulation index m is depicted
in Fig.10. Accordingly, when m decreases, the inverter’s
efficiency decreases while the power losses increase. The
obtained results empathize the accuracy of the analytical
development provided in section V

VIlI. CONCLUSIONS

In this paper, three different switching strategies of single-
stage three-phase grid-connected PV CSI are investigated and
compared to evaluate the performance of the inverter. These
strategies do differ concerning the arrangement of active and
freewheeling switching states. However, they all present the
same number of switching transitions within a pulse period.
From the obtained numerical results, the following concluding
remarks are retained: Strategies 1 and 2, show the best
performance in terms of a reduced DC-link current ripple and
reduced switching losses. Moreover, they provide low
harmonic distortion content and better quality of the injected
grid currents as compared to switching strategy 3.

Therefore, the switching strategies with a freewheeling
state placed at the beginning or at the end of a pulse-half period
are the most appropriate for the control of grid-connected CSls.
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Fig. 10. Total power losses of the CSI as a function of modulation index

Table 1. Power losses of the CSI under different switching strategies

Strategy 1 Strategy 2 Strategy 3
Pc (W) 17.7361 17.7381 17.7377
Py, (W) 2.0027 1.9696 2.3166
Pioss cs1 (W) 19.7388 19.7077 20.0543
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