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ABSTRACT In this paper, double-line frequency (2w) ripple suppression and SMC with time-invariant
(fixed) switching frequency methods are proposed for single-phase grid-connected three-level neutral-point-
clamped quasi-Z-source inverters. The 2w ripple suppression method is based on the 180° phase difference
existing between the 2w ripple components of the capacitor and inductor voltages in the dc-side. Hence,
when these components are added in the closed-loop, a phase cancellation occurs so that the inductor current
reference can be generated without 2w ripple component. In this case, the actual inductor current, which is
forced to track its reference, has no 2w ripple component. In addition, the grid current control is achieved via
sliding mode control (SMC). Unlike the existing SMC methods, the proposed SMC achieves fixed switching
frequency which is made possible by eliminating the discontinuities in the sliding surface function using
a boundary layer. The proposed ripple suppression method together with the SMC method offers many
advantages such as fast dynamic response, zero grid current error, simple implementation, robustness to
parameter variations and fixed switching frequency. The effectiveness of the proposed control method is

verified experimentally under steady-state and transient conditions.

INDEX TERMS
control (SMC), proportional-resonant (PR) control.

I. INTRODUCTION

Voltage source inverters are widely utilized in grid-connected
systems for injecting power obtained from renewable energy
sources (e.g. fuel cells, solar energy, wind energy, etc.)
into the grid. Although traditional two-level (2L) invert-
ers offer satisfactory performance regarding the steady-state
and dynamic responses, their performance may be degraded
in high-power applications leading to high voltage stress
and waveform distortions which affect the overall effi-
ciency. In the last two decades, multilevel inverters (MlIs)
have received considerable attention from the researchers
and industry due to their prominent features such as high
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efficiency, excellent harmonic performance, high reliabil-
ity, low semiconductor voltage stress and ability to work
with low switching frequency [1]-[4]. The effort of the
researchers and industry has led to rapid development of
different multilevel inverter topologies such as cascaded mul-
tilevel [3], neutral point clamped (NPC) [4], flying capacitor
(FC) [5] and Packed-U-Cell (PUC) [6] inverters. Even though
MIs offer many advantages, they suffer from major draw-
backs such as the implementation complexity and high cost
due to the high number of switches, capacitors, and diodes
employed in a typical n-level inverter.

On the other hand, alternative inverter topologies such as
Z-source inverter (ZSI) and quasi-Z-source inverter (qZSI)
are also proposed to be utilized in grid-connected sys-
tems. These inverter topologies, which contain an impedance
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source (ZS) network between the dc input and inverter, have
the ability to boost (or buck) the dc voltage produced by a
photovoltaic (PV) panel to the desired level at the output
of ZS network by applying the shoot-through states to the
inverter [7]-[9]. The consequence of using shoot-through
states also eliminates the requirement for dead-times which
is essential for traditional 2L inverters.

The attractive features of NPC and ZS network based
inverters are combined in a single topology [10]-[16]. The
topology introduced in [10] and [11] employs ZSI and
requires two dc sources. However, the discontinuous input
current, which arises in the ZSI topology, may have an
adverse effect on the dc input source. As a remedy to
the discontinuous input current, the neutral-point-clamped
quasi-Z-source inverter (NPC-qZSI) topology has been pro-
posed [12]-[16]. The NPC-qZSI topology not only offers
continuous input current, but also provides wide input voltage
operation range, shoot-through immunity, twice lower semi-
conductor voltage stress, good performance at reasonably low
switching frequency and ability to work with one dc input
voltage source. In spite of these attractive features, the single-
phase inverter topologies suffer from inherent double-line
frequency (2w) ripple existing on the ZS network capacitor
voltages and inductor currents which have adverse effects
on the lifetime and efficiency of the photovoltaic (PV) array
utilized to supply input voltage to the system. Therefore,
these 2w ripples have to be minimized or at least restricted
to an engineering tolerant range. With the aim of minimizing
or eliminating these ripples, passive [17], active [18], [19],
modulation [20] and closed-loop [21] based suppression
techniques are proposed. The passive suppression technique
requires large inductances and capacitors which increase the
inverter size, weight, and cost. The active suppression tech-
nique requires extra semiconductor switches which not only
increases the cost, but also worsens the system’s reliabil-
ity. On the other hand, modulation and closed-loop based
suppression techniques offer better solution for suppressing
2w ripple without increasing the size and cost of the inverter.
Also, these techniques do not worsen the reliability of the
entire system since no additional switching device is required.

In this paper, a new closed-loop based 2w ripple suppres-
sion method is proposed for a single-phase grid-connected
three-level (3L) NPC-qZSI. The idea behind the proposed
suppression method is based on generating the inductor cur-
rent reference without 2w ripple and then, forcing the actual
inductor current to track its reference using an appropriate
closed-loop control. If the actual inductor current tracks its
reference properly, it implies that the actual inductor current
will be. The 2w ripple free inductor current reference genera-
tion is based on the phase cancellation in the closed-loop due
to the fact that the 2w ripple components of capacitor and
inductor voltages in the ZS network have inherent opposite
phase (180° phase difference). In order to achieve such phase
cancellation, the 2w ripples of inductor and capacitor voltages
should be added inside the closed-loop. In [14], the control of
dc-side variables (capacitor voltages and inductor currents)
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is achieved by using proportional-integral (PI) controllers.
In NPC-qZSI topology, all inductor currents are equal to each
other (see next Section) in the steady-state. Also, the capacitor
voltages converge to two different dc levels in the steady-
state. This means that there are three variables which should
be controlled in the dc-side. Hence, if the 2w ripple of
capacitor voltage is added with 2w ripple of inductor voltage
(after it is multiplied by a gain), they cancel each other so that
no 2w component occurs in the resultant signal. Thereafter,
this signal together with the desired capacitor voltage refer-
ences can be used to generate the inductor current reference
by using a PI controller which does not produce the 2w com-
ponent in the inductor current reference. Hence, no 2w ripple
component appears in the actual inductor current provided
that the inductor current tracks its reference.

In the literature, there are only a few papers which
discuss the control of grid-connected 3L-NPC-qZSI with
LCL filter [15], [16]. The control strategy proposed
in [15] achieves the control of dc- and ac-side vari-
ables by using proportional-integral-derivative (PID) and
proportional-resonant (PR) controller, respectively. How-
ever, there is no 2w ripple suppression methodology in
dc-side control. Also, the proposed control strategy has not
been validated experimentally. On the other hand, a three-
phase grid-connected 3L-NPC-qZSI topology has been tested
experimentally in [16] where no specific control method was
described for the ac-side.

Sliding mode control (SMC) method has been recognized
as one of the popular and powerful control tool in wide range
of industrial applications (manipulators, robots, spacecraft,
automotive control, and power converters) due to its distin-
guished features such as fast dynamic response, robustness
against disturbances and variations in the system parameters,
and implementation simplicity [22]. Its popularity comes
from the robustness feature which eliminates the burden of
the necessity of system parameters required for accurate
modeling in most applications. In spite of these attractive
features, the SMC method suffers from the undesired oscil-
lations (called chattering) existing in the state variables due
to unmodelled dynamics and switching time delays. Chatter-
ing results in low control accuracy, losses and time-varying
switching frequency in power converter applications. Since
chattering is the major obstacle in the practical implemen-
tation of SMC in power converter applications, its effects
should be mitigated to acceptable level [23]. So far, the SMC
with these attractive features has not been considered in the
control of grid-connected 3L-NPC-qZSI.

In this paper, the SMC method with fixed switching fre-
quency is proposed to control the ac-side grid current of
a grid-connected 3L-NPC-qZSI. Unlike the SMC methods
presented in [24]-[26], the SMC method proposed in this
study offers fixed switching frequency. The fixed switching
frequency can be achieved if the discontinuities in the sliding
surface function are reduced (or eliminated) by a smoothing
operation. The smoothing operation which is performed by
passing the sliding surface function through a boundary layer
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FIGURE 1. Single-phase grid-connected NPC-qZSI with LCL filter.

alleviates the chattering [22]. On the other hand, unlike the
control method in [27] where a PI controller is employed in
the ac-side for controlling the grid current, the grid current
control in this study is based on using PR control which
yields perfect tracking. The theoretical considerations and
feasibility of proposed control method are validated by the
experimental investigations.

Il. MODELING OF THREE-LEVEL NPC-QZSI

The single-phase 3L-NPC-qZSI containing the ZS network,
three-level NPC inverter, LCL filter, and grid is shown
in Fig. 1 [14]. The ZS network currents and voltages
contain dc and 2w ripple components as follows

In=In+in =T+ (H
I3=I3+is e =1Ipa+11a 2
Ver=Veir+ver L Ver=Ver + ez 3)
Ves=Ves+0e3 Vs = Vea+cs “4)

The complete mathematical model of the 3L-NPC-qZSI
depends on the switching states of the NPC inverter. Two
switching states are available which are referred to as shoot-
through (ST) state and non-shoot-through (NST) state. The
equivalent model of the entire system in each switching
state is depicted in Fig. 2. The inductor voltages in the
ZS network can be written easily if the capacitors and
inductors in the ZS network are considered to be identical
(Li = L3, Ly = L4, C1 = C4,Cr = C3). In the NST state,
where the NPC inverter is represented as a current source,
the inductor voltages and capacitor currents can be written
from Fig. 2(a) as follows

dlp 13
L3 7k Vea — Ves (5)
dlr» dls
— = Vi1, Ly——— = -V, 6
2 foll 4= c4 (6)
dVey
Ci——— =1;» — 1 7
L 12— 1o @)
dVeo dVes
C =C =113 —1 8
2 R 113 — 1o ()
dVey
Ci—— =Ia—1 9
4 14— 1, 9)

On the other hand, the NPC inverter is represented as
short circuit in the ST state as shown in Fig. 2(b). In this
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FIGURE 2. Model of qZS network. (a) in NST state; (b) in ST state [13].

state, the inductor voltages and capacitor currents can be
expressed as

dli i3
Li3 ;t = Vin+Ve1 4+ Ves (10)
dlro4
Ly ;t = Vea+ Ves (11)
dVci dVey
I = ] 12
" 4 113 (12)
dVer dVes
L _C =1 13
22— 3, 124 (13)

In (5) and (10), the inductor voltage Vri3 is equal to
Viiz = Vir + Vips. Similarly, Viog in (11) is Vips =
Vio + Via . In the steady-state, the dc components of the
inductor voltages should be zero. Hence, using equations (5),
(6), (10), and (11), the dc components of inductor voltages
can be expressed as

. Vin + Ver + V.
V0 = Tor ( in + Ve C4)
2
Vin — V2 =V,
+Ts (— > “) =0 (14)
Vo + Ves

Vio = Tsr ( ) + Tnst (—Ver1) =0 (15)

2
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_ Vin + V. V
Vys = Tor ( i+ Vel + 04)
2
Vin — Vea = V.
+Tsr (— > C3) =0 (16)

- Ver + Ves -
Via = Tsr (T) + Twst (=Vea) =0 (17)

In (14)-(17), Tst and Tyst represent ST and NST periods,
respectively. The dc components of capacitor voltages can be
solved from (14)-(17) in terms of V;, and shoot-through duty-
cycle as follows
DsrVin - - Vin (1 — Dsr)

——  Veor=Vez=—— (18
1_ang 2=VO= T apy 1Y)
where Dst = Tsr/T denotes the shoot-through duty cycle
and T = Tsr + Tnsr. Applying Kirchhoff’s voltage law to
Fig. 1, one can obtain the dc component of Vpy as follows

Ver=Vea=

Veny = Ve + Vea + Ves + Ve (19)

Since the boost factor is defined as the ratio between the
dc-link and dc input voltages, it can be written as

Vey 1
Vie  1—2Dsr
Similarly, the dc components of the capacitor currents should

be zero in the steady-state. Therefore, using (7)-(9), (12)
and (13), the following equation can be obtained

z 3 3 z (1 —Dsr) I,
Inn=Iln=Ii=Il4= ——F—— 2D
(1 —2Dsr)
The differential equations regarding 2w ripple components
can be written as

(20)

di di
L L _ Ls i3
dt dt
_ (Ve1 + Vea) DST—(ZC2+\7C3) (1 — Dgr) 22)
di V2 + ¥e3) Dst — ey (1 — D,
L L2 _ (vea2 +ve3) Dst —ver ( ST) 23)
dt~ 2
di % V Dgr — Vv 1-D
L L4 _ (ve2 +ve3) Dst — vea ( ST) 24)
dt 2
df’C] < ~ <
C el —ip1Dst + <1L2 - lu) (1 = Dsr) (25)
d‘jCZ bt < bt
G el —irpDsr + (lLl - lo) (1 — Dsr) (26)
df’C3 < ~ <
C3 e —iraDst + (lL3 - la) (1 — Dsr) 27
df’C4 bt < bt
€= = —iaDsy + (ivs =) (1 = Do) 28)
From (22)-(28), it can be deduced that Velr = Vo2 =

Ve3 = Veq and i) = ipp = i3 = ir4. This means that
2w ripple components of all capacitor voltages are equal to
each other with the same amplitude and phase shift. Simi-
larly, all inductor currents have equal 2w ripple components
with the same phase shift. Hence, the differential equations
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FIGURE 4. The 20 ripple components of: (a), (b) capacitor voltages,
(c) inductor currents, (d) inductor voltage.

regarding these components can be written in the simplified
form as follows

di -

Ll% = (2Dst — 1) V¢ (29)
dvcq % 3

C 5 = (1 —2Dgs7)ir1 — (1 — Dst) iy (30)

Equations (29) and (30) are the same as the equations
derived for single-phase 21.-qZSI in [17]. The phasor diagram
of (29) for Dsr < 0.5 is depicted in Fig. 3. Clearly, there
is 180° phase difference between vz and v¢y.

The simulated 2w ripple components of all capacitor volt-
ages, all inductor currents and inductor voltage are shown
in Fig. 4. The phase relationship between these components
agrees well with the phasors illustrated in Fig. 3.
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According to the phasor diagram, ¥ leads i;; by 90°,
ir1, leads ve1 by 90° and vy leads vep by 180°. In other
words, the phase difference between vp; and v¢p is 180°.
Comparing Figs. 3 and 4, one can see that the phase rela-
tionship between the 2w ripple components in Fig. 4 is
in good agreement with the phase relationship in the pha-
sor diagram. In addition, the 2w ripple components of the
capacitor voltages have equal amplitudes and phase shifts
(Ve1 = Vo2 = Vo3 = Veg) as determined theoretically. Simi-
larly, the 2w ripple components of inductor currents also have
equal amplitudes and phase shifts (le = ;LZ = ;L3 = ?L4>.
The proposed 2w ripple suppression method which is
described in the next section is based on the phase relationship
between V¢ and vy .

Ill. CONTROL STRATEGY

In order to be able to control the entire system shown in Fig. 1,
both dc- and ac-sides should be controlled simultaneously.
The former is achieved by controlling the inductor currents
and capacitor voltages in the ZS network. In such a case,
the desired Dgr can be generated and applied to the inverter
successfully. On the other hand, the current injected to the
grid should also be controlled in the ac-side. These control
strategies are described in the following sub-sections.

A. CONTROL OF QZS NETWORK WITH 2w RIPPLE
SUPPRESSION

The ZS network has eight variables to be controlled.
According to the theoretical results obtained in Section II,
we have iL1 = ZLZ = iLg = iL4, ‘_/Cl = Vc4, and
Vco = Ves. Therefore, when the control of 1, Vo and
V3 are achieved successfully, the control of other dc vari-
ables is achieved automatically. In this case, three references
(I}, V&, and V;) are needed. While V§, and V{5 can be
set to a desired constant value, the value of / Z‘l is determined
by regulating V; and V3 using PI controller. The inputs
of these PI controllers are V7, — Vo and Vi — Vs,
respectively. The outputs of these PI controllers are added
together to form /', . In this case, I}, contains 2w ripple which
is propagated from V3 and V3. Under such control scheme,
Iy involves 2w ripple component too since it tracks /.

In order to suppress 2w ripple in Ir1, it is required to
produce [, without 2w ripple. If I}, does not contain
2w ripple, then [p; will track I/, with no 2w ripple.
It is obvious from Figs. 3 and 4 that v;; and V¢ have
180° phase difference. The main idea behind the proposed
ripple suppression method is to cancel the 2w ripple in the
signals (ng — Vo and Vg — VC3) at the PI inputs before
it propagates to the PI output which produces 7}, . Therefore,
the effect of 2w ripple can be suppressed if K, vy | is added to
the signals at the PI inputs as follows

Iy = Kp1 [Véy — (Ver + Kovp)]
+Ki1 / [Vér — (Ver + Kobr)] dt
+Kp1 [VE3 — (Ves + Kovr)]
+Ki1 / [Vés — (Ves + Kby dt (€29)
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where K,1 and K;; denote proportional and integral gains and
K, is the gain used to adjust the level of ripple cancellation.
The equation which generates 1 — Dgr is shown below

1 —Dgr =K (IZI _ILl) +Kl‘2/ (121 —ILl)dt (32)

where Kj» and K> denote proportional and integral gains,
respectively. In (31), vz is obtained by measuring Vz; and
averaging it. The block diagram for generating I}, using
conventional method without 2w ripple suppression and
the proposed method with 2w ripple suppression is shown
in Fig. 5. It is clear from Fig. 5(a) that the error signals
(evq, and ey,,) at the PI inputs and the reference inductor
current (I}) contain 2w ripple. However, when K,V term
is added with the capacitor voltages (Ve and Vi3),
no 2w ripple occurs in the resultant waveform due to the
phase cancellation between v and vy,1 as shown in Fig. 5(b).
It should be mentioned that the gain K, should be adjusted to
the appropriate value so as to achieve the perfect cancellation.

Fig. 6 shows the simulated error voltages (ey,, and ey,)
at the PI inputs and actual and reference inductor currents
(IL1 and I}|) generated without and with the proposed
2w ripple suppression method. It is evident from Fig. 6(a)
that 2w ripple occurs in the error voltages at the PI inputs
which propagates to the output and hence, generating /", with
2w ripple when the suppression method is disabled. Since,
Iy tracks I} , then I also contains 2w ripple. However,
when the 2w ripple suppression method is activated, the error
voltages do not contain 2w ripple which in turn avoids the
propagation of 2w ripple to the output as shown in Fig. 6(b).
In this case, both 7, and I7; do not contain 2w ripple.

B. SMC OF NPC INVERTER WITH FIXED SWITCHING
FREQUENCY
In ac-side, the current injected to the grid should be controlled
such that it tracks its reference and in phase with the grid
voltage. However, achieving these control objectives is a
challenging task due to the damping requirement which com-
plicates the controller design. Damping requirement, which
arises due to the LCL filter, can be satisfied either by passive
damping methods or active damping methods. While pas-
sive damping is achieved by connecting a small resistor to
LCL filter components, active damping is performed via an
appropriate control strategy. It is worth noting that passive
damping methods are not preferred anymore since they cause
additional power losses which degrade the performance of
the system. On the other hand, active damping methods are
widely utilized at the expense of increased controller com-
plexity. However, they do not cause additional power losses.

In this study, SMC is proposed to achieve the grid current
control in the ac-side. Let the sliding surface function be
defined as

dx 1 33
o =ox] + o (33)

where « is the sliding coefficient which should be always
positive, x; is the capacitor voltage error and dx;/dt is the
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FIGURE 5. Block diagram for generating I}, : (a) Conventional method without 2w ripple
suppression, (b) Proposed method with 2w ripple suppression.

rate of change of capacitor voltage error defined as

dx;  dve av}

a  dt at
The main idea behind SMC is to direct the state trajectory
toward a predefined sliding (switching) line and guarantee the
movement of the state trajectory on the sliding line until they
reach origin (x; = 0, dx;/dt = 0) . When the system is in the
sliding mode, the sliding surface function is zero (¢ = 0).
In this case, equation (33) reduces to

dX1

dt
Equation (35) is a first-order differential equation which con-
verges to zero for ¢ > 0. Achieving x; = 0 and dx;/dt = 0
means that the actual capacitor voltage tracks its refer-
ence. It is worth noting that during the convergence period,
x1 depends neither on the system parameters nor the distur-
bance, but depends only on the sliding coefficient «. In this
case, the order of the controlled system is reduced by one
leading to simplification in the design and decoupling of the
state variable dynamics.

Occurence of the sliding mode can be guaranteed if the
existence conditions are satisfied. Generally, existence con-
ditions are derived from the sliding surface function and
its derivative which should have opposite signs around the
sliding line. The sliding mode is stable if the following

*

X1 =Ve =V

(34)

= —ax|

(35)
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condition holds

(36)

o— <0
dt

In order to derive the existence conditions and prove the
stability of the sliding mode, a discontinuous switching law
should be selected which drives the sliding surface function to
zero. Although the system remains stable during the sliding
mode, undesired oscillations (called chattering) exist in the
state variables with finite frequency and amplitute due to the
unmodelled dynamics. One common approach to reduce the
effects of chattering is to replace the discontinuous switching
law (u#) with a hysteresis function. In this case, the state
trajectory is forced to move within the band resulting in less
chattering and thus, less switching frequency. The level of
chattering and switching frequency are inversely proportional
with the value of the band. Even though this approach reduces
chattering, the switching frequency remains time-varying
which is not desired in many applications.

As a remedy to the time-varying switching frequency,
the control discontinuity neighboring the sliding surface func-
tion in the sliding mode should be smoothed out. A boundary
layer with thickness @ is used to perform the smoothing
operation [22]. The control input interpolation within the
boundary layer is shown in Fig. 7. It should be noted that
the control law in the control input is replaced by o/®.
As a consequence of smoothing, the control input becomes
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FIGURE 6. Error voltages at the Pl inputs, actual and reference inductor currents when; (a) 2 ripple
suppression is disabled, (b) 2 ripple suppression is enabled.

e Boundary where r; and r,, denote the resistance of the filter inductances,
/ layer Vi, Ve, Vg are the inverter output, capacitor, and grid voltages,
B T respectively. The expression for 0/® can be obtained by
making use of (34) and (39) in (33) as follows
o o ox| Aic
> —_—= — 4+ — 40
- @ ® @ OCr “0)
where Aic = ic — i’(‘: is an error in the capacitor current and
T! T— i’g is the capacitor current reference. Since Aic = Aij — Aip,
then (40) can be written as
FIGURE 7. Control input within the boundary layer. o _ax + (Ai} — ADp) (41)

® @ dCr
Now, assuming that the capacitor ripple current (Ai; — Aip)
is much greater than the sliding coefficient multiplied by the
capacitor voltage error capacitor and ripple current Ais is
very small and negligible (since the current Ais is assumed to
flow through the capacitor and its average value through L,),
(41) can be approximated as

continuous within the boundary layer which results in no
chattering. The pulse width modulation (PWM) signals can
be produced by comparing o/® with a triangular carrier
signal having a constant frequency. In this case, the switching
frequency of the inverter will always be constant. The oper-

ation of the system in ac-side is described by the following o IN
2

differential equations Y = C 42)
. f
Ll-di +rii] = v — Ve 37) Since Aip = Avp;At/L; and the maximum possible value of
d‘? Aiy occurs when the control input is zero, then (42) reduces
Lod_t2 +rol2 = ve — vy (38) to
dve ., 9~ Von (43)
sz =11 —n (39) d CDL,‘Cf
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FIGURE 8. Level shifted carrier signals.
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FIGURE 9. Simulated responses of Aij, Aip and Aic.
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The gate signals of the switches in NPC-qZSI are produced
by using the level shifted carrier signals shown in Fig. 8.
The magnitude of the carrier slope can be written as follows

| Slope cor1l = 2Vearfe (44)

where V., is the amplitude and f;, is the frequency of the
carrier signals. In order to generate these PWM signals,
the following condition should hold

T o
(ZCI)Lp?Cf = ﬁ) < (|SlopeCarl| = ZVCarfc) 45)

Hence, the lower boundary of @ can be obtained as

Von

Y L — (46)
4Li Cf Vcarf c

The simulated responses of Aij, Aip and Aic are shown
in Fig. 9. Comparing the ripple currents in Fig. 9, one can
easily see that the magnitude of the ripple in i; and ic are
close to each other which implies that the ripple in iy is
negligible.

In order to compute o, measurements of the inductor cur-
rents (i1, i) and capacitor voltage (v.) are essential. Also,
the reference capacitor voltage (v}) is needed. As mentioned
before, the control objective in the ac-side is to control grid
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TABLE 1. System and control parameters.

Description and Symbol Value
Input DC voltage (V,, ) 200V
gZS network inductances (L, - L, ) 0.5mH
qZ8S network capacitances (C,-C,) 470uF
LCL filter inductances ( Z, , L, ) 1.5mH, 0.5mH
LCL filter inductor resistances, (r, , r, ) 0.1, 0.05Q
LCL filter capacitance (C, ) 22uF
Grid voltage amplitude (7, ) 220Vrms
Proportional Gains (K ,, , K ,, , K, ) 172,12,5
Integral Gains ( K, , K, , K, ) 3.03,2.1, 1000
Ripple control gain ( K, ) 20
Sliding coefficient (« ) 30000
Cut-off frequency ( @, ) lrad/s
Carrier amplitude (V) 1v
Carrier frequency ( f,) 2.5kHz

current i such that i» becomes in phase with the grid voltage
(vg =V, sin(wt)) and tracks its reference defined by

i§ = I3 sin(wr) A7)

In order to produce v, a proportional-resonant (PR) con-
troller is utilized which processes the grid current error
(% — i2) applied to its input. PR controllers are widely used
in the regulation of ac signals due to their excellent tracking
performance. The transfer function of the PR controller used
in this study is given by

2K, .S

R 48
52 4 2wps + @2 (48)

Gpr(s) = K, +
where w, is the cut-off frequency, w is the resonant frequency,
K, and K, are proportional and resonant gains, respectively.

IV. EXPERIMENTAL VERIFICATION

The effectiveness and correct operation of the proposed
control strategy have been verified by experimental results
obtained from a 2.5kW prototype where the controller is
implemented using an OPAL-RT OP5600 real-time platform.
The complete block diagram involving the dc- and ac-side
controls together with the PWM generation scheme is
shown Fig. 10. The photograph of the testbed is given
in Fig. 11. The system and control parameters listed
in Table 1. The values of ZS network and LCL filter are
chosen according to their availability in the laboratory.

Fig. 12 shows the steady-state responses of Vpy, Vci1—c4,
Ir1, i1, i> and vy when the ripple suppression technique is
disabled. The voltage and current references for this operation
are V5, = Vi; = 175V and I = 10A. Clearly, the capacitor
voltages Vcp and V3 track their references. Ignoring the
2w ripple components of capacitor voltages and substituting
Veo = Ves = 175 Voand Vi, = 200V into the second
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FIGURE 10. Block diagram of the proposed control method together with the switching logic. (a) ac-side control with SMC, (b) dc-side

control, (c) Switching logic.
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FIGURE 11. Experimental testbed.

equation of (18), one obtains the value of shoot-through duty
cycle as Dgr = 0.3.

Now, substituting V;,, = 200V and Dsr = 0.3 into the
first equation of (18) and solving for the capacitor voltages,
one finds the theoretical values of other capacitor voltages as
‘_/Cl = ‘_/C4 = 75 V. In this case, the theoretical value of
Vpn can be obtained from (19) as 500V. It is evident from
Fig. 10 that Vo = Vg =75 V, Ve = Vez = 175 V and
Vpy = 500V. This means that the experimental results are in
good agreement with the theoretical results derived in (18).
Also, the grid current ip attains the maximum value of 10A
which reveals that it tracks its reference i3 10 sin(wt)
successfully. Another important feature of the proposed con-
trol strategy is that there is no need to employ a special
active damping method for damping the resonance due to the
LCL filter. The capacitor voltage feedback involved in the

160012

FIGURE 12. Steady-state responses of dc- and ac-side variables when the
ripple suppression technique is disabled. Vpy (100V/div),
Ve1—ca(100V/div), I (10A/div), iy (20A/div), iy (5A/div), vg(100V/div).

sliding surface function has an inherent damping effect. Close
inspection to the inductor current I | reveals that it contains
2w ripple. Such ripple in dc-side is not desired in practice
since it reduces the lifetime and efficiency of the photovoltaic
(PV) array used to generate dc input voltage V,.

Fig. 13 shows the steady-state responses of Vpy, Vci—c4,
I11, i1, iz, vg and spectrum of the grid current when the ripple
suppression technique is enabled. The reference signals are
the same as in Fig. 12. Comparing Fig. 12 and 13(a), one
can see that I;; does not contain 2w ripple. Furthermore,
as a consequence of 2w ripple suppression, the fluctuations
in the dc capacitor voltages are also reduced. On the other
hand, the total harmonic distortion (THD) of the grid current

VOLUME 7, 2019



S. Bayhan, H. Komurcugil: Sliding-Mode Controlled Single-Phase Grid-Connected Quasi-Z-Source NPC Inverter

IEEE Access

(a)

Harmonics
ATHD 2 1%rffK 1.0 |
o 0:00:26 U P o=~

‘ i .. “]u‘;{ ..................................................
4 - RO

e b R e g P U e
THDDC 2 3 4 5 3 7 8 9
28701719 15:23:24 230U 50Hz 38 WYE  EH50160

PREV BACK HEXT PRINT

(b)

FIGURE 13. Steady-state responses of dc- and ac-side variables when the
ripple suppression technique is enabled. (a) Vpy (100V/div),
Ve1—ca(100V/div), Iy (10A/div), iy (20A/div), i, (5A/div),

vg(100V/div); (b) Spectrum of /.

is measured to be 2.1% as shown in Fig. 13(b). The harmonic
components are negligibly small.

Fig. 14 shows the dynamic responses of Vpy, Vci_ca,
Ir1,i1,i2 and v, for an abrupt change in capacitor volt-
age reference (VE, = V£;) from 150V to 175V when the
2w ripple suppression method is enabled. It is worth noting
that with V%, = V&3 = 150V and V;,, = 200V, the value
of Dgr is computed to be 0.25 which means that the values
of V1 and V4 should be 50V. Hence, under this operating
condition, Vpy should be 400V. Again, all of these theoretical
computations are in good agreement with the experimental
results shown in Fig. 14 before the reference change occurs.
It is important noting that there is no change in the output
power when the value of Vi, = V%5 is changed. This means
that 771 should converge to the same value after the transients
die out. Also, no change occurs in the ac-side variables.

Fig. 15 shows the dynamic responses of Vpy, Vci—c4,
Ir1, i1, iz and v, for an abrupt change in 12* from 5A to 10A.
It is obvious that the dc voltages are almost not affected from
this step change. However, the dc inductor current converges
to its new value in order to achieve the desired power change
due to the change in I;. It can be seen that the amplitude
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i

FIGURE 14. Dynamic responses of dc- and ac-side variables for an
abrupt change in Ve, =Vis from 150V to 175V. (VPV(IGOV/div),

Vc_ca(100V/div), Iy (10A/div), iy (20A/div)iy (5A/div), vg(1 oowdiv)).

FIGURE 15. Dynamic responses of dc- and ac-side variables for an abrupt
change in l; from 5A to 10A. (Vpy (100V/div), V(¢;_c4(100V/div),

1,1 (10A/div), i; (20A/div), i (5A/div), vg(100V/div)).

of grid current converges to the reference amplitude (10A)
successfully which is an indicator that the proposed controller
performs good tracking. Also, it is worth noting that no oscil-
lations exhibit in the grid current which means that proposed
SMC provides good damping as well.

Fig. 16 shows steady-state responses of Irp,/ Z‘l, o/,
and Dgr obtained without and with 2w ripple suppression
method. Initially, the system is operated without the ripple
suppression method. As can be seen from Fig. 15, both /1
and I}, contain 2w ripple components. The modulating signal
o/® is a continuous sinusoidal signal which involves no
switching ripples. The shoot through signal Dgr is a constant
which is around 0.3. However, when the ripple suppression
method is enabled, the 2w ripples in /1,1 and 1 Zl are cancelled
out. The activation of the ripple suppression method does not
have any effect on o/ ® and Dgsr.

The experimental efficiency of the system is also investi-
gated. From Fig. 15, where the grid current amplitude is 10A,
the efficiency is calculated to be around 90%.
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TABLE 2. Comparisons of five 2w ripple suppression methods with the proposed ripple suppression method.

Proposed 20
Comparison Category [17] [18] [19] [20] [21] Ripple
Suppression
Cascaded
Inverter topology multilevel-qZSI 2L-qZSI 2L-qZSI 2L-qZSI 2L-qZSI 3L-NPC-qZSI
Type of 2 ripple suppression Passive Active Active Modulation Closed-loop Closed-loop
Number of additional switching devices None 2 2 None None None
Number of additional passive elements None 2 2 None None None
Number of requed sensors for 2o None 3 4 | 3 1
ripple suppression
- DFT -DFT LPF & Resonant
Required calculations/operations None - Other - ap/d controller LPF Averaging
operations q
Number of required gains None 3 1 2 2 1
Size .Of 1mpe<:!ance network .elements for Very large Small Small Small Small Small
efficient 2w ripple suppression
TABLE 3. Comparisons of five SMC based control methods with the proposed SMC method.
Comparison [24] [25] [26] [27] [28] Proposed SMC
Category
Inverter topology 1-ph 2L 1-ph 2L inverter 3-ph 2L 1-ph 2L-qZSI 3-ph 2L-qZS1 1-ph 3L-NPC-qZSI
inverter inverter
Type of coupling LCL filter LCL filter LCL filter L filter L filter LCL filter
Grid-connected Grid-connected Grid-connected Grid-connected Standalone Grid-connected

Operation mode

sensors to control i,

Switching frequency Time-invariant Time-varying Time-varying Time-invariant Time-invariant Time-invariant
Chattering Not available Partially Not available Not available Partially Available
suppression available available

Resonance damping Inherent Inherent Inherent Not applicable Not applicable Inherent
Number of required 4 3 4 8 6 2

Steady-state error in

Iz

Does not exist
due to the use
of PR

Exists due to the
parameter
variations

Does not exist
due to the use
of PR

Exists due to
the use of PI

Does not exist
due to the use of
PR

Does not exist due
to the use of PR

the comparison of five ripple

suppression methods

L1

FIGURE 16. Steady-state responses of 1 (10A/div), I}, (10A/div),
o/®(0.75V/div) and D4y (0.5V/div) obtained without and with
2w ripple suppression.

The proposed control method (2w ripple suppression in
I11 and fixed switching frequency based SMC in ac-side)
is compared with the existing methods. Table 2 shows

160014

presented in [17]-[21] with the proposed ripple suppres-
sion method. It can be seen from Table 2 that the pro-
posed ripple suppression method offers many advantages in
terms of number of required sensors, required calculations
(or operations) and number of required gains. While exist-
ing methods require discrete Fourier transform (DFT), low
pass filter (LPF), a8/dq transformation, and some trigono-
metric calculations, the proposed method needs an aver-
aging only. Also, unlike the methods presented in [18]
and [19], the proposed ripple suppression method does not
need any additional switching devices and additional passive
elements.

On the other hand, a comparison of proposed SMC method
with the existing SMC methods presented in [24]-[28] is
given in Table 3. The proposed SMC method with boundary
layer reduces the chattering in the discontinuous control sig-
nal which in turn makes it a continuous control signal suitable
for the comparison process with the triangular carrier signal
to achieve the time-invariant switching frequency operation.
Moreover, the proposed SMC method needs lesser sensors
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than the SMC methods in [24]-[28]. Unlike, the SMC meth-
ods in [25] and [27], the proposed SMC eliminates the steady-
state error in i.

V. CONCLUSION

In this paper, 2w ripple suppression and SMC with time-
invariant switching frequency methods are proposed for
a single-phase grid-connected 3L-NPC-qZSI. The pro-
posed ripple suppression method is based on canceling the
2w ripple components of capacitor and inductor voltages
at the PI controller inputs which are used to generate the
reference inductor current needed in the dc-side. The main
reason behind this ripple cancellation comes from the fact
that there is 180° phase difference between the 2w rip-
ple components of capacitor and inductor voltages. It is
shown that ripple cancellation can be achieved when these
ripple components are added and processed by PI con-
trollers which produce the reference inductor current without
2w ripple. In this case, if the actual inductor current tracks
the generated reference, then there will be no 2w ripple
in the actual inductor current. In addition, the grid current
control is achieved using SMC which achieves time-invariant
switching frequency. The discontinuity in the sliding sur-
face function is eliminated by using boundary layer method.
The proposed ripple suppression method together with the
SMC strategy offers many advantages such as fast dynamic
response, zero grid current error, simple implementation,
robustness to parameter variations and time-invariant switch-
ing frequency. The effectiveness of the proposed method
is verified experimentally under steady-state and transient
conditions.
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