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Background and Objectives: In this paper, a novel approach for regulation of
the output current in the grid-connected three-level flying capacitor inverter
is presented by using the sliding mode (SM) method. In the proposed
method, it is possible to control the active and reactive components of the
inverter output current independently, and therefore it can be employed for
grid connection of the renewable energy resources or for harmonic and
reactive power compensation of the local loads. The designed controller uses
an external loop to control the voltage of the inverter DC link and has a
constant switching frequency. The stability of the proposed method has also
been proved by using the Lyapunov stability theory. The simulation results
show that in different operating conditions, the proposed controller has a
stable and robust response.

Methods: Grid-connected three-level flying capacitor inverter is modeled by
using averaged state space technique. Considering nonlinearity of the
obtained model, an equivalent SM controller is developed for output current
control of the multilevel grid connected inverter. To improve robustness and
stability of the system against uncertainty of model parameters, a nonlinear
component is added to the equivalent controller.

Results: The proposed controller enjoys very fast dynamic response, so it can
be employed in wide ranges of application e.g. reactive compensation and
harmonic mitigation modes. In active power filtering operation, it is able to
eliminate harmonic components of the grid from 20.61% to 1.34% which is
compatible with IEEE and IEC standards.

Conclusion: The stability of the proposed method has also been proved by
using the Lyapunov stability theory. The simulation results show that in
different operating conditions, the proposed controller has a stable and
robust response.

©2021 JECEL All rights reserved.

Introduction

connected inverters are used for load and line

Application of the grid-connected inverters has compensation through reactive power exchange. Also in
increased significantly in recent years [1]. For example, ~ active power filters [3], these power electronics

in photovoltaic power plants, these inverters are used to
inject active power generated by solar panels into the
grid. In flexible AC transmission systems [2], grid-

Doi: 10.22061/JECEI.2021.7626.412

converters are employed for harmonic compensation of
the nonlinear loads. Other applications include wind
power conversion systems [4], solid-state transformers
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[5], connecting electric vehicles to the grid for peak
shaving [6], and more.

From power circuit topology viewpoint, the standard
H-bridge voltage source inverter is one of the most
widely used power electronics converters which are
employed in grid connected three-phase and single-
phase systems. However, other topologies have been
proposed in recent years to improve the performance of
grid-connected systems. For example, the use of
impedance and quasi-impedance source inverters for
efficiency improvement of power converters in
renewable energy systems is reported [7]. Also, to
reduce switching losses and improve inverter output
power quality, application of the multilevel inverters has
been suggested in [8]. It is well-known that one of the
main applications of the multilevel inverters is reduction
of the switching harmonics and improvement of the
output power quality. In fact, if IGBT based multilevel
inverter with fast PWM switching is used, harmonic
components of the inverter output current can be
reduced significantly.

One of the main challenges in design and
implementation of the grid-connected inverters is
synchronizing of the inverter output voltage with the
grid power. In such a case, exchanged power be
controlled by adjusting the amplitude as well as the
angle of the inverter output voltage vector [9]. However,
in such a method, a small error in the output voltage
phase can lead to a significant error in amount of the
power which is exchanged between the inverter and the
grid. For this reason, intrinsic delay in electronic systems
such as analog-to-digital converters, mathematical
calculations, and current and voltage sensors essentially
complicates design of the closed-loop system. On the
other hand, since the grid is essentially a voltage source,
therefore, by controlling the output current of the
inverter, the exchanged power between the grid and the
inverter can be indirectly adjusted [10]. During output
current control of the voltage source inverters, delay in
response of electronic systems doesn’t affect the
amplitude of the current directly and therefore, it is
more useful than direct control of the output voltage.

Briefly, output current and power control is one of
the main blocks of inverters which are connected to the
grid. If the reference values of the controller change
sharply due to variation of the local load or DC input
source, it is obvious that the dynamic response of the
closed-loop controller must be fast enough to meet the
system requirements of the grid-connected inverter.
Also, considering the nonlinear nature of power
electronics converters, basically the linear and
conventional control methods will be able to stabilize
and control the closed loop system only in a small range
of the changes. For this reason, application of modern
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and nonlinear methods for the current control of the
grid connected voltage source inverters is proposed. For
instance, adaptive [11], robust [12], backstepping [3],
passivity-based [13], Lyapunov-based [14] controllers are
used widely in closed loop control of the power
electronics converters.

Among the mentioned methods, sliding mode (SM)
controller is employed widely in power electronics
converters [15]. Its main advantages are simplicity of the
practical implementation, fast dynamic response and
robustness to system uncertainties [16]. Also, in recent
years, attempts have been made to eliminate the major
drawbacks of the SM method, such as switching
frequency changes, steady-state error, and chattering,
by using the equivalent SM approach and in recent
years, application of the SM controllers in grid-
connected inverters has increased significantly. Also for
mitigation of the chattering problem, combined Pl and
SM technique can be employed [17] where variable
structure control approach is designed for shunt
compensation of the local loads. To improve robustness
and stability of the closed loop system, a SM controller
in combination with conventional Pl method is used in
the final control law of the proposed method. During
transient conditions, the Pl controller is dominant and
the gains of the linear controller should be tuned to
meet the desired transient response characteristic. On
the other hand, the sliding mode block determines
steady-state behavior of the system. Briefly, in order to
achieve desired response of the closed loop system and
eliminate chattering problem, gains for the linear Pl and
SM controllers should be selected properly. The SM is
employed for grid connection of the cascaded doubly fed
induction generators [18]. Two sliding surfaces are
defined for closed loop control of the active and reactive
power components. Compared with conventional vector
control, it is shown that the SM method is more robust
against model uncertainties and enjoys better dynamic
response. However, in the proposed method, stability of
the closed loop system under different operating
conditions has not been investigated.

In order to reduce the output current error of the
inverter and thus improve the total harmonic distortion
(THD) coefficient of the power system, in [19] a multi-
resonance SM controller is used in the grid connected
inverters. In this case, the performance of the system in
compensating for the high order harmonics is increased.
To reduce THD, in sliding surface the proposed
controller, several resonant components from the grid
current error are employed which complicates design of
the controller and its practical implementation.

To improve the power quality in power distribution
networks and reduce power losses in electrical
equipment, the Integral SM method has been used to
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control the output current of the grid connected inverter
in [20]. A fourth-order band pass digital filter is used to
extract the harmonic components and define the
reference values of the closed-loop control system. Since
the main component of the output current in the
proposed method is regulated by using a linear PI
controller, it can be concluded that the chattering will be
significantly reduced. However, such an approach does
not guarantee the overall stability of the controller over
a wide range of output current changes. Also, for
controlling of the fundamental current component, two
PI blocks are used for calculation of the reference value
and inverter amplitude modulation (control effort). As a
result, the proposed closed-loop system has a cascade
structure that cannot have a fast dynamic response and
will lead to a steady-state error when compensating for
high-order harmonic components. Also, a double band
hysteresis SM controller is proposed for parallel
operation of the active power filters with LCL coupling in
reference [21]. Despite the fast dynamic response, the
switching instances in the proposed method are
determined by comparison of the slip surface in a
hysteresis band. Hence, inverter switching frequency
cannot be completely constant due to variation of the
grid voltage. This issue results in injection of the
undesired low-order harmonic components and
deteriorates the THD of the grid current. However, if the
hysteresis-based SM is replaced with equivalent
controller, the problem of switching frequency variation
in this nonlinear control method can be easily mitigated
[22]. In [23], combination of the SM and backstepping
control methods for harmonic compensation of the local
loads is proposed in distributed generators. Such an idea
can improved the performance and robustness of the
closed loop system against model uncertainties, such as
grid voltage and frequency, impedance of the coupling
inductor, and uncertain load dynamics. However, due to
design process of the adaptive backstepping approach,
the controlling law will be completely complex and so, its
real time calculation can be a time consuming task. As
more  powerful processors are required for
implementation of the combined backstepping-SM
controller, it may significantly increase the final cost of
the system. Also in [1], adaptive SM approach is
employed for closed-loop control of the single phase grid
connected photovoltaic system. Current harmonic
compensation of the local load as well as maximum
power point tracking of the input renewable energy
source are main aims of the developed controller.
Voltage and parasitic inductance of the grid are
estimated with an adaptive estimator. Output current of
the inverter is controlled by using a SM and Lyapunov
based methods. However, DC link voltage control is
performed through a conventional Pl controller. Hence,

stability and robustness of the DC link voltage cannot be
guaranteed in a wide range of operation.

In  Similar problem are also observed in the
combination of adaptive control methods with SM [24].

In order to stabilize the non-minimum phase nature
of the output current in grid connected voltage source
inverters with LCL coupling, a two-loop control in [25] is
proposed. The inner loop is used to control the output
current of the converter and is designed by using SM
method. Also, the reference value of the internal loop is
generated in an external loop using a proportional-
resonance (PR) controller. In this case, the controller
design problem is reduced from a third-order system to
a second-order one. However, it is clear that the whole
system is not designed based on the SM method and the
advantages of the mentioned nonlinear controlling
method cannot be obtained in a wide range of system
changes.

In recent years, application of the SM controller in
other topologies of the grid-connected DC to AC
converters, such as impedance source inverters [26] and
semi-impedance source inverters [27] is studied. In this
case, due to the complexity of the model and the high
number of state variables, the extraction of reference
values for each of the state variables is associated with
complexities. Impedance source converters also have a
multi-input-multi-output  structure,  which adds
additional challenges to the controller design. There are
similar problems with the application of the SM
controlling method in grid-connected multilevel
converters, and for this reason, number of articles
related to output current control in grid connected
multilevel inverters which employ SM approach is
limited. The mentioned papers are reviewed below. It is
worth noting that due to existence of fundamental
differences in the dynamic model of the different
multilevel inverters, design process of the SM controller
for each of them (clamp diodes, series H-bridges and
flying capacitors) is completely different task.

In the reference [28], the SM method is used to
control the output current and inject a certain level of
active and reactive powers into the grid in multi-level
diode clamp inverter. In this paper, a constant voltage
source is used in the DC link of the inverter, and for this
reason, DC link voltage regulation is not studied. For this
reason, if renewable energy sources are used at the DC
link, the proposed method in [28] cannot be used to
track the maximum power point. It is also necessary to
adjust the DC link voltage in FACTS devices and shunt
active filters. To do this, in the reference [29] the SM
controller is modified with the idea of controlling DC link
voltage in diode- clamp multilevel inverters. This is
accomplished by introducing an active component in the
output current reference value based on the DC link
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voltage error by using a linear Pl controller. However, in
[29] the reference value of the reactive output current is
zero, and only the injection of real power from the DC
source is studied. It is obvious that the lack of reactive
power management in distributed generators will results
in high values of the reactive component in distribution
network and significantly reduces the grid power factor.
In [30], a hysteresis-band SM controller is used to
control the output current in a special 7-level packed U-
cell inverter. Less tuning requirement and simplicity of
the design are the most important advantages of the
closed loop system in [30]. However, stability of the
proposed method has not been investigated. Inverter
switching frequency changes are also the most
important disadvantages of the hysteresis-band SM
controllers. To solve this problem in [31], equivalent
control is used to design a nonlinear controller in a NPC
three level topology. Therefore, it can be directly
concluded that such a system is switched according to
the PWM pattern and has a fixed frequency. Also in [31],
by using the direct Lyapunov theory, stability of the
closed-loop system in a wide range of changes in system
parameters has been proved. Also, selection of the
controlling gains are studied using the linearized model.
The controller is able to compensate the reactive and
harmonic components of the local load. However, in
order to keep voltage of the inverter DC link, an
independent current source is employed. So, the
controller of [31] is not able to regulate DC link voltage.
Moreover, additional modification of the controller for
balancing of the DC link capacitors is mandatory.
According to the literature review and research
performed by the authors of this article, there is no

capacitor inverter is presented by using the SM method.

In the proposed method, it is possible to control the
active and reactive components of the inverter output
current independently, and therefore it can be employed
for grid connection of the renewable energy resources or
for harmonic and reactive power compensation of the
local loads.

The designed controller uses an external loop to
control the voltage of the inverter DC link and has a
constant switching frequency. The stability of the
proposed method has also been proved by using the
Lyapunov stability theory. The simulation results show
that in different operating conditions, the proposed
controller has a stable and robust response.

This article is organized as follows. At first the
proposed system topology and averaged state space
model of the multi-level inverter is discussed. Then, by
using the extracted model, the SM controller is designed
to control the output current of the grid connected
multilevel flying capacitor inverter. Finally, developed
controller is investigated by PC based simulations in the
MATLAB/SIMULINK software.

System Modeling

Circuit topology of the grid connected flying capacitor
multilevel inverter is shown in Fig. 1. Also, phase-shifted
pulse width modulation (PWM) switching of the phase-A
is illustrated in Fig. 2. Similar waveforms can be
introduced for phase B and C due to symmetrical
operation of the different phases. In this figure, u, is
amplitude modulation index and control effort of the
phase A. Duty cycles of the S;, and S,, can be calculated
considering the similarity of the following triangles.

other report related to output current control in grid Ton, Ug+1
connected multi-level inverters. AABC~DBE : Dy = T " 2 (1)
In this paper, a novel approach for regulation of the Ton ug + 1
i id- ) ; AABC~AED : D, = —2 = (2)
output current in the grid-connected three-level flying 2 T 2
Flying capacitor 3-level inverter
Slil% Sﬁﬁ Slﬂﬁ
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a r‘ili 2%:‘#
* . e o n E S
Va Lo =cC, =C, 5 =C, i, L R [ i Or”’ n
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Fig. 1: Topology of the grid connected multi-level inverter.
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Fig. 2: Phase shifted PWM switching of the first leg (a) for positive (b) and negative (c) control efforts (u,).

Clearly as u, is amplitude modulation index of the
inverter, so operation of the system can be divided into
two different modes. When u, > 0:

_ 1
Van = ? (vcaToffl + Vgc

T,

ong

14
== (U +1)

and foru, < 0:

Van = Ve, (Tonz) + (Vdc - Vca)

\%
— (g + 1)

Ton,
T

~ Ve Tor,)

(4)

So, line voltages of the three-phase system can be

written as:

(c)

_ v v
vaN=%(ua+1) =%(ua_ub)

Upn =%(ub +1);

ﬁab

— v,
Vpe = % (up —uc) (5)
v,

(e + 1)

Uen =

v
% (uc - ua)

ﬁca -

Equivalent model of the three phase system is
illustrated in Fig. 3 where n' is virtual ground of the
inverter DC link. So, average values of the three phase
voltages can be related to its corresponding modulation

index as:

v rzﬁu
an 5 Ya
v
ﬁbn’=%ub (6)
Lﬁ rzﬁu
cn 5 Ye
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Fig. 3: Equivalent model of the grid connected inverter.

So, equivalent model of the grid connected inverter
can be summarized according to Fig. 4.

L R

n n
Fig. 4: Summarized equivalent model of the system.

In a balanced three phase systems, n and n’ have a
same potential. So:

di, 1 _
Tt = L Wan' = Vg ~ Ria) (7)
di, 1 _
Fra 7 Won' = Vgy, = Rip) (8)
di, 1 _
d_tC ) (Wen' = Vgen, — Ric) (9)

With regard to current of the DC link capacitor and
considering i,, whileu, > 0, i, the following equation
can be written:

1
lagc = ?la(Toffl - Tonl) = la(l - 2D1)

=ia<1—2(u“;1)) (10)

= —lalUq

So considering the three phase system, current of the
DC link capacitor will be modeled as:

. . . . dvdc
ige = —(igug +ipup +iu,) =C ot (11)
and while u, < 0:
T, - T
ige =1, (M) = —i,u, (12)

Also, current of the C, can be summarized in different
operating modes as:
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. 1
U, >0: lca = Tla(_TOffl + TOffl) =0 (13)

. 1
u, <0:ig, = ¥1a(—T0r12 + Ton,) =0 (14)

So, if Ton, = Ton, and Tyrr, = Tyff,, average value of
the i, will be zero and voltage of the C; will not change
in steady-state and dynamic operational conditions of
the converter. As a result, voltages of the flying
capacitors are not an independent state variables and
hence the multilevel grid connected inverter in Fig.1 has
4 state variable which are currents of the coupling
inductors as well as voltage of the DC link capacitor.
Briefly, the following equations can be considered for
dynamics of the flying capacitors in phase shifted PWM
switching strategy:

dv, _ 0, dvcb _ 0, dv,, “o (15)
dt dt dt

So considering equations (6)-(9) and (11), averaged
state space model of the system can be written as
follows:

dig 7 R U

| |77 ° 0z !

. L 2L . _ngan

ﬂ 0 R 0 up [T ia 1

-1 il i _Z

i ZI Loy ZLI o ||z (16)
< 0 0 __ ﬁ ¢ 1

dt | L 2L acl | =T,

Qae) | Yo U Ve L %
e c c c

Sliding Mode Controller Design

Averaged state space model of the converter is given
in (16). In this section, an SM controller is developed for
output current control of the multilevel grid connected
inverter. As dynamics of the DC link capacitor voltage is
completely slow compared to output currents of the
converter, so during the SM controller design, changes
of the DC link capacitor voltage can be neglected for
simplicity of the developed closed loop system. So,
model of the converter dq0 frame can be rewritten as
follows:

R 0
-— —w
i L i
d |t R q
dt[l.d] w -3 0 [’.d
iy r|lio
0 T
I
L v
1 99
+0 —— 0 ||Vga
L 1| [Po0 (17)
:Vo 0 -7
e 0
2L u
Vic 1
+10 — 0 ||W
2L uy
Vdc )
0 0 ZJ
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It should be noted that f%¢ = [quo(e)]_lfqdo is
employed for transformation between abc and dq0
frames -where:

[ cos(0)

sin(6) 1]
| 2 ) 2m |
T-1(6) = cos(6 — —) sin(6 — —) 1 | (18)

|cos(0 + —) sin(8 + —) 1]

7), X(t) =[ig ia i ]T is state vector of the
dynamic model. In this case, Ug, Ug and u, are
controlling inputs of the system. Also, state variables of
the model are control outputs.

According to (17), distributed model of the grid
connected multilevel inverter can be rewritten as

follows:
. R 1 Ve

Xy =(—Zx1—wx2—zvgq) (ZL Ug) (19)
) R 1 Vae

X, = (a)xl - zxz - ngd) + (Zud) (20)
. R 1 Vac

X3 = (_ZX3 - ngo) + (ﬁuo) (21)

In the general form,

described as:

system dynamics can be

xl = fl(‘xll‘le‘x3l t) + bl('xll XZ, x3, t)uq
= (fi + fi) + (by + by )y, (22)

X2 = fZ (x11x21x3' t) -l: bZ (~x11x21 {3! t)lfd
= (o + f2) + (b2 + by)y, (23)

X3 = f3 (x11x21x3' t) -l: b3 (~x11x21 {3! t)lfo
= (fs + f3) + (bs + b3 )y, (24)

where f and b are nominal values of the model
parameters. Also, f and b are uncertainty of f and b
respectively. In order to control output current of the
inverter in d and g axes, two sliding surface can be
defined as follows:

S
S=a[Xyer — X| + BXine = S;]
_ [ O]Fﬁ—xﬂ
0 apfl(x; —x7)

(o} — x,)dt (25)

o dh@mm

where x; and x; are references of the state variables x;
and x,. As it is seen in (25), integrals of the current
errors are added to sliding surfaces to cancel the steady
state error of the response. In this equation, o and £ are

positive design parameters.

In order to present SM controller design in a general
form, state space model of the converter can be
rewritten in a compact form as follows:

X:[ ] (F+F)+(B+B)U

(26)
f1] by ] [
0 bz ud
The proposed SM controller includes equivalent
(uq, Uq) and nonlinear (fi4, fiy) components as:

. U u, +1i
U=U+U=[q]=[_q j] (27)
ug + iy

Nonlinear component of the SM controller is
responsible for improvement of the robustness and
stability of the system against changes of the uncertain

parameters. These components can be assumed as
follows:

q = kisgn(Sy) (28)

Ug = ksgn(Sq) (29)
Equivalent SM controllers can be obtained by setting

derivative of the sliding surface into zero in (25) as:
S=a(X,ep —X)+BXine =0 (30)
By substituting (26) in (30), equivalent SM controller

can be obtained in the general form as:

U = (E)_l(xref - F + O‘_lﬁxint) (31)

uq=

2 (alng + alL% — P1Llxy + B1Lx] + a1 Rx + alexz)

A1V
(32)
ﬁd =

2 (azvgd + azL% — B2Lx; + B,Lx5 + oy Rx, — aszx1>

A2V

(33)

Finally, according to averaged state space model of
the converter, equivalent sliding mode controller in (31)
can be summarized for three level grid-connected flying
capacitor as (32) and (33).

As it has been described previously, to improve
robustness of the proposed controller against changes of
the uncertain parameters, developed equivalent SM
controller in (31) is combined with a nonlinear
component.

= (B) (Xyef — F + a1 BX ;e + Ksgn(S)) (34)

where the parameter K is
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K

_[k1 0] (35)

0 k,
The extracted SM controller in (34) has two parts.
First one is equivalent SM and second component
[Ksgn(S)] is used for improving stability and robustness
of the closed-loop system. It should be noted that the
equivalent controllers of the system are given in (32) and
(33).

Based on (30) and (34):
S=aX,.;—a(F + B(B) '(X,ef — F
+ @ BX iy + Ksgn(s))) (36)
+ pXint

In order to investigate stability of the developed
controller, the input matrix, B can be introduced as

B=B+B=(0+4)B |Aj <Dy i,j=12  (37)

where I,y, is an identity matrix. So, it is clear
that B(B)™! = (I + A). Also, elements of the A,,, are
defined as A,;.

According to (26), it can be concluded that A;,=
A,,= 0. 50, S in (36) can be simplifies as

S = —aha ' BXine + a(F — F)
— a(A + DKsgn(S)
- (XAXref + (XAF (38)

To evaluate stability and robustness of the proposed
controller, the following criteria should be considered

SiS < —wilSil (> 0) (39)

where y; is the design constant. Considering (38), (39)
can be simplified as follows for S;

51(051(]?1 - f1) —aik; (1 +Aq) sgn(S,)

- ‘81A11(x_f - x1)
+ “1A11(f1__ x7))
< |51|(a1|f1_f1| (40)
—aik; (1 — Dyq)
— B1Dylx] — xq]
+ a1D11|f1 - x;‘ )
< — S|

Since |fl- - ﬁ| < fimax, (40) can be reduced to

o f1 max — B1D111X] — X1 + O(1D11|f_1 - XI|

41
+ 1y < oyky (1 —Dyq) (41)

Similarly, (39) can be written as follows for S,
azfz,max — B2Dyalx; — x5 + a2D22|f_2 - X§| (42)

+ M < ok, (1 = Dyyp)
Considering (41) and (42), in order to guarantee the
stability of the developed SM controller, the control
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gains should be selected according to the following
conditions

kl = (1 - Dll)_l(fl,max
— oy "By Dy x] — x4

r “x - (43)
+ D11|f1 - X1| +ortyy)
k2 = (1 - D22)_1(f2,max
— a3 'B2D2,|x5 — X, (44)

+ D22|f_2 _X§| + oz ')

The final SM control law can be obtained by adding of
the nonlinear component into equivalent terms in (32)
and (33). Its block diagram is illustrated for u, in Fig. 5.
Also, in order to adjust voltages of the flying capacitor,
final modulation indexes of the multilevel inverter
should be modified. In fact, small changes should be
applied according to flying capacitor voltage error and
sign of the output current. This idea is shown for lag A in
Fig. 6 where u,,; and u,, are amplitude modulation
indexes for switches S;; and S,, respectively.

Fig. 5: Implementation of the proposed SM controller for u,.

s 0 ' | Au_ | |
an‘@_{ ke +kljedr | |X |

Ca i sgn

Fig. 6: Modification of the amplitude modulation index for
regulation of the flying capacitors voltage (phase A).

Finally, block diagram of the proposed controller is
shown in Fig. 7 The current controller is calculated based
on reference currents and grid voltage in dg frame.
Active reference current (i;*) is defined based on DC link
voltage error through a linear Pl controller. In shunt
compensators, there is no independent voltage source
on DC link and hence, DC link capacitor voltage is
regulated by absorbing an active power from the grid
which is equal to inverter power loss in shunt
compensators. Also, inactive reference current (iq*) is
calculated based on local load requirement. For example
in shunt active power filters, iq* is equal to inactive
component of the load current.
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Fig. 7: Block diagram of the proposed SM controller for grid connected multilevel flying capacitor inverter
Simulation Results Table 2: Controller gains
In order to verify response of the proposed current Parameter Value
controller in Fig. 7, grid connected three level flying X 0.8
capacitor inverter is simulated in MATLAB/Simulink kz') 15
software. a la 20
Nominal values of the system parameters as well as ﬁl'ﬁz 100
controller gains are listed in Table 1 and Table 2. kl' kz 1
To investigate the steady-state and dynamic 1,;, 2 0.05
responses of the proposed closed loop system in klj 61
i .

reactive power compensating mode, the 20kVA resistive-
inductive (RL) branch with 0.6 power factor is employed
as a main local load. Also, active power filtering
capability of the system is studied in the next tests.

Table 1: Nominal values of the system parameters

Parameter Symbol Value

Grid voltage(rms) 7] 220V

Grid frequency f 50Hz

Switching frequency fs 20kHz

DC-Link and flying C,Cq Cy

capacitors and C¢ 1200pf

DC-side capacitor reference Vi 300V

voltage
AC-side coupling inductor L 1mH
AC-side coupling resistor R 0.1Q

A. Test 1

In this test, considering nominal value of the RL local
load, response of the designed controller is investigated
during system startup. Reference values of the DC link
and flying capacitors are 800 V and 400 V respectively.
Reactive reference current (i;) of the closed loop system
is defined according to local load reactive component.
Also considering power loss of the inverter, the active
current reference (i;) is generated in the outer loop to
stabilize the capacitor voltages on their desired values.
According to Fig. 8a, Fig. 8b and Fig. 8c, it is seen that the
proposed controller is able to stabilize the reactive
power compensator satisfactorily. Also, during the
steady-state conditions, steady-state error of the system
state variables is zero. Due to reactive power
compensation through the grid connected inverter, grid
voltage and current are in phase after the transient
interval of the response.
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Fig. 8: Response of the system during startup and steady-state
conditions; (a) State variables and reference values, (b) Grid
currents and voltages, (c) Phase and line voltages of the
inverter.

B. Test2

In Fig. 9, dynamic response of the inner current
controller is evaluated. At first, it is assumed that outer
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controller regulates the DC link voltage without reactive
compensation. Then, in t=0.15s internal current loop is
activated to compensate the nominal RL local load. It is
seen that the proposed SM controller has fast dynamic
response and is able to stabilize the output current of
the grid-connected multilevel inverter with zero steady
state error.

C. Test3

In Fig. 10, dynamic response of the DC link and flying
capacitor voltages are studied. At first, the closed loop
system starts to compensate the nominal local load.
Then, DC link voltage reference is stepped up from 750 V
to 950 V. Also, references of the flying capacitor voltages
are increased from 375 V to 475 V. In spite of changes of
the reference voltage in a wide range, it is seen that the
outer loop is stabilizing the DC link voltage with fast
dynamics. Moreover, the overshoot of the response is
completely acceptable which guarantees safe operation
of the electrolyte type capacitors on the inverter’s DC
link. Furthermore, outer voltage loop has no steady state
error due to employment of the integral term in the final
controlling law of the controller.
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Fig. 9: Transient response of the internal SM current
controller; (a) State variables and reference values, (b) Grid
currents and voltages.
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Fig. 10: Transient response of outer voltage controller during
step changes of the DC link voltage references; (a) State
variables and reference values, (b) Grid currents and voltages.

D. Test4

In Fig. 11, dynamic response of the proposed
controller during active power filtering mode is
illustrated. At first, system is started to regulate the DC
link capacitors. In this condition, reference of the i is
zero and inverter output power is equal to its power loss
to keep the DC link capacitors regulated. Then, in t=0.1s,
the internal SM control system is activated to
compensates the local load.

So, the grid current is non-sinusoidal before
compensation as it includes harmonic components of

the nonlinear load. It is seen that after startup of the
internal current loop, grid current will be pure sinusoidal
with acceptable THD value. It should be noted that THD
of the grid current is 20.61% before compensation that is
reduced to 1.34% after activation of the internal loop of
the proposed control approach.

So, proposed control strategy can be employed in
active power filtering mode as well. It is seen that,
spite of fast changes of the inverter reference current,
the proposed control strategy can track the reference
value accurately.
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Fig. 11: Dynamic response of the proposed controller during

active power filtering mode; (a) State variables and reference

values, (b) Grid currents and voltages, (c) THD of the load and
grid currents for phase A.

Conclusion

In this paper, a general purpose sliding mode
controller is proposed for output current control of the
grid connected multi-level flying capacitor inverter. The
proposed controller enjoys very fast dynamic response,
so it can be employed in wide ranges of application e.g.
reactive compensation and harmonic mitigation modes.
In active power filtering operation, it is able to eliminate
harmonic components of the grid from 20.61% to 1.34%
which is compatible with IEEE and IEC standards. The
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designed controller uses an external loop to control the
voltage of the inverter DC link and has a constant
switching frequency. The stability of the proposed
method has also been proved by using the Lyapunov
stability theory. The simulation results show that in
different operating conditions, the proposed controller
has a stable and robust response.

Author Contributions

This paper is related to M.Sc. thesis of Miss Negin
Ghaffari. All of the authors have the same contribution in
different parts of the paper including system modeling,
controller design and simulation.

Acknowledgment

The author gratefully acknowledges the Power
Quality Lab of Arak University of Technology.

Conflict of Interest

The author declares that there is no conflict of
interests regarding the publication of this manuscript. In
addition, the ethical issues, including plagiarism,
informed consent, misconduct, data fabrication and/or
falsification, double publication and/or submission, and
redundancy have been completely observed by the
authors.

Abbreviations

SM Sliding Mode

PWM Pulse Width Modulation
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