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The Siwakoti-H inverter (SHI) with a flying capacitor is a recent addition to the
transformerless inverter family, suitable for grid-connected single-phase photovoltaic
systems. It offers a promising alternative to traditional topologies without the need for
transformers, due to its minimal power electronic components. However, one of the key
challenges in managing flying capacitor (FC) inverters is ensuring that the voltage of the
FC remains within the desired range. Materials and Methods: To tackle this issue, first,
a novel nonlinear model of the SHI is obtained defining two control inputs and two
control outputs, and then a nonlinear feedback linearization (FBL) control design is
proposed for the SHI when connected to a single-phase grid. This article introduces a
novel approach to the modeling and control of the SHI enabling simultaneous control of
both the injected current to the grid and the flying capacitor voltage. The proposed
modeling and the designed control method play a crucial role in maintaining the capacitor
voltage within the specified range and in tracking a sinusoidal reference for the injected
current into the single-phase network. A PWM implementation of the proposed control
is also suggested which is useful in the practical setup. The obtained model can be
extended for the SHI with other line filters and it can be used to design more sophisticated
controllers for SHI. The simulation and practical results presented in this study
demonstrate the effectiveness of the proposed modeling and control approach.

1. Introduction

addition, there is a growing tendency in photovoltaic systems

Power electronics converters play a crucial role in
converting and regulating electric power in grid-connected
renewable energy systems through the switching patterns
[1]. The focus on renewable energy systems, such as wind
turbines and photovoltaic systems has been on achieving
high efficiency over the past decade [2-4]. In [3], a microgrid
with renewable energy sources is investigated and
complicated controllers are designed. In [4], a power system
with some distributed wind resources is considered and some
sophisticated nonlinear controllers are designed for the
system.

To minimize losses within the system, utilizing converter
topologies with fewer switching elements is essential. In

towards not using transformers in converters [5-6].
Transformerless inverter has higher efficiency, less weight
and lower cost compared to inverter with transformer;
however, conventional  single-phase  grid-connected
photovoltaic systems suffer from leakage current [7].
Besides safety issue, the leakage current increases grid
current  ripples, photovoltaic  system losses and
electromagnetic interference (EMI) [8]. The leakage current
is more investigated in [9]. In [10-12], three multi-level
switched-capacitor inverters are proposed which are not
suitable for grid-connected transformerless photovoltaic
application due to the issue of leakage current. In [13], a
fifteen-level inverter which has several DC sources and
suffers from leakage current.
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There are various transformerless single-phase inverters
which eliminate or reduce leakage current such as HERIC,
H5, H6 [14, 8]; however, compared to conventional H-
bridge inverter, these inverters have additional switches;
some of them need special modulations or can’t inject
reactive power to the grid. In [15], an H-bridge less grid-tied
multilevel inverter is proposed which reduce the leakage
current significantly; however, it cannot be built with the
available conventional H-bridges.

Some of the configurations use common ground to omit the
leakage current. In these configurations the negative end of
the solar panel is connected to the grid neutral directly. In
[16] and [17] two common ground transformerless inverters
are proposed which have simple configurations. They have
an additional capacitor compared to conventional H bridge
inverter. This capacitor is called the flying capacitor (FC).
The inverter in [17] is called Siwakoti H inverter (SHI).
There are three types of single-phase inverters with FC for
photovoltaic grid-connected applications: Type-I, which has
two switches in series during positive cycle [18]. This type
can be implemented using two half-bridges and an additional
diode. Type-II, which has a single switch in series during the
positive cycle [18]. The components of this type are the
same as those of type-I. Type-11l or SHI which is discussed
in this paper. Other types of single-phase inverters for
photovoltaic grid-connected applications are reviewed in
[19].

The SHI is a notable transformerless inverter topology that
has gained attention [18]. This innovative design, which
consists of only four switches, operates based on the flying
capacitor principle [17]. What sets this topology apart is its
ability to meet the needs of both positive and negative
voltage sources using a single flying capacitor.
Consequently, the number of the input voltage sources is
reduced in comparison to the three-level neutral point clamp
converter. Compared to the conventional H-bridge inverter,
the SHI eliminates leakage current while using the same
number of switches and a very similar topology. Compared
to the HERIC, the SHI has less components and it can also
inject reactive power to the grid without any special
modulation technique. For a single-phase photovoltaic
system, it is noteworthy that the nominal power is limited to
5KVA and given the relatively high costs of the solar power
system, it is usually preferred to inject only active power into
the grid. In the past, the operation of the grid-connected SHI
was analyzed using a state feedback controller [20]. While
the controller demonstrated satisfactory steady-state
performance for the mentioned converter, it exhibited a
noticeable deviation near the zero crossing of injected
current to the grid. Besides, the FC voltage is decreased
during the discharge state. This phenomenon can be
attributed to the abrupt transition of the power from the input
source to the floating capacitor. To address this issue and
enhance the dynamic response, an alternative approach,

utilizing direct/indirect model predictive control (MPC)
strategy for a grid-connected SHI has been suggested in [21-
22]. Both papers address the unbalancing issue of the FC
voltage; however, the presented controls are not perfect.
Considering a cost function to control the injected current
and the FC voltage simultaneously is not enough to achieve
perfect tracking and selection of the weights in the cost
function is also difficult. In addition, despite the offline
computation, the computation in the controllers is still high,
which consumes DSP time.

Nonlinear control methods address complex challenges by
analyzing and designing systems with nonlinear components
[23-24]. They offer diverse and powerful techniques,
established in industrial applications. Feedback linearization
methods, such as input-output feedback linearization
(IOFL), solve the tracking problem in many systems and
provide the stability of the closed-loop system [25]. In this
paper, first a suitable model is obtained for SHI, then using
this model an IOFL control is designed to achieve injected
current reference tracking and the FC voltage balancing.
The organization of the paper is as follows: In section Il the
SHI is described and its operation is discussed. A new
modeling of SHI is obtained in section Ill. A nonlinear
controller is designed for SHI in section IV. Simulation and
practical results are shown in sections IV and V respectively.
Finally the conclusions are provided in section VI.

II. SHI description and operation

The circuit diagram of the SHI connected to a single-phase
grid is depicted in Fig. 1. The SHI consists of four power
switches and a capacitor, as shown in Fig. 1. Among these
switches, S1 and S4 function as bipolar voltage blocking
switches, while S2 and S3 serve as unipolar voltage blocking
switches [17]. Consequently, switches S2 and S3 are
implemented using MOSFETs or IGBTs, whereas switches
S1 and S4 are implemented using a reverse blocking IGBTs
(RB-IGBTs) or MOSFETS with blocking diodes. Cr is the
FC. Since the polarity of the voltage across the FC does not
change and it must be large enough to store energy to
generate the negative voltage, a polarized electrolytic
capacitor can be used as the FC. There is no need for an AC
capacitor to serve as the FC. The inductance L is used as a
filter to connect the inverter to the grid. As it is seen, the
negative end of the input source is connected to the neutral
of the grid and the DC and AC sections have a common
ground.

TABLE I THE STATES OF THE SHI SWITCHES FOR THE
OPERATIONAL MODES

Mode S1 S2 S3 S4

P 0 0 1 0
V7 1 0 0 1
N 0 1 0 0
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Fig. 1. The SHI connected to a single-phase grid
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Fig. 2. The SHI fed from a photovoltaic panel and the parasitic
capacitors

In Fig. 2, it is shown when the source is a photovoltaic
panel, using the common ground, the parasitic capacitors of
the panel cannot generate leakage current. In fact, the
parasitic capacitor connected to the negative end is short
circuited and the parasitic capacitor connected to the positive
end has a constant voltage and its current equals zero.

A notable characteristic of this configuration is the
utilization of the input DC source to fulfill the negative
voltage required for the negative mode. This is accomplished
by cyclically charging and discharging the FC, resulting in a
virtual negative forward link, as illustrated in Figure 3.

The operation of the SHI can be described in three modes:
positive (P) mode, negative (N) mode, and zero (Z) mode, as
depicted in Fig. 4. During the P and N modes, switches S3
and S2 are activated, respectively. In the Z mode, switches
S1 and S4 are activated to provide the zero voltage at the
output and to charge the FC.

III. Modeling of the SHI

The three operational modes of the SHI are summarized
in Table I. For each of these modes, an equivalent circuit can
be obtained which are shown in Fig. 5. In the following,

Sy X .
considering the FC voltage (" 1) and the inductor current (

X . .

2) as state variables, the state-space equations of each
mode is obtained; then these equations are combined to
achieve the average model of the SHI.
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Fig. 3. lllustration of the charging and discharging of the
FC, a) charging mode b) discharging mode wherein the

capacitor uses as a virtual negative DC-link.
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Fig. 4. The three operational modes of the SHI: a) P mode

b) N mode ¢) Z mode
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A. P mode

Referring to Fig. 5.a and using Kirchhoff voltage/current
laws, one can obtain

i. =0 ®

i 2
V, Lg%+ R, +V, @)

c =

R . : o
where L is the equivalent series resistance (ESR) of the

inductor.
These equations can be rewritten as
% =0 ®)
« - Vie =V, —RX, 4
2 Lg
B. N mode

Referring to Fig. 5.b and using Kirchhoff voltage/current
laws, one can obtain

ICFC - Ig

Ve, tVi+V +(R.+R)iy =0

where RC is the ESR of the FC.
These equations can be rewritten as

. X,
X, =—=
' CFC
_ _Vg —X - (Rc + RL)XZ
X, = Lg
C. Z mode

336
®)
Q)

U]

®)

Referring to Fig. 5.c and using Kirchhoff voltage/current

laws, one can obtain
-V, +VCFC + RC'CFC =0

Ri +V +V, =0

These equations can be rewritten as

X, = Ve =%
ReCec
5, = o TRX EgRsz

D. Average model

©)

(10)

(11)

(12)

To obtain the average model, the following duty-cycles

are defined for P, N and Z modes:

t+

ut =—
T
ot
u =—
T

tO

ul =—
T

(13)

(14)

(15)

where t*, t~ and t° are the time intervals of P, N and Z

modes respectively; T is the switching period.

It is notable that
ut+u +u’=1

(16)

Multiply (3)-(4), (7)-(8) and (11)-(12) by (13), (14) and (15)
respectively. From the sum of the results and using (16), it is

concluded that:
X =A+BW

where

RCCFC
-V, =R X,
Lg

(17)

(18)
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X _Vdc Xl_Vdc+L (19)
B— CecRe CrcRe Cic
\i _Xl_RCXZ
Lg Lg
K[V, 1] 0
W' =[u" u an

where W is the control input vector.

It is notable that (17) is a nonlinear system.

IV. FBL control

The SHI exhibits nonlinear behavior due to the product of
the state and input variables. In this section, using the new
model obtained in (17), a FBL controller is designed for SHI.
The FBL controller is designed based on the input-output
linearization. The basic approach of input-output
linearization is simply to differentiate the outputs functions
repeatedly until the inputs appear and then design the inputs
to cancel the nonlinearity and the coupling.

A. FBL controller design

Define the following tracking errors:

e =X, — X1

e, =X, — X
where x; and x; are reference values. One can consider e;
and e, as new outputs and their desired values are 0.

Differentiating (22) and (23) with respect to time and
substituting from (17), one can obtain:

€ =X —X] = a; + byut + bu” (22)
€, =Xy — X3 = ay + byyut + byu” (23)

where a; and b;; are the elements of (18) and (19)
respectively.
By equating (22) with —k; e, and (23) with —k,e,, the result
is:

é1+kie; =0 (24)

éz + kzez =0 (25)

By choosing positive coefficients k; and k,, the errors
converge to zero exponentially.
By comparing (22) with (24) and (23) with (25), it is
concluded that:
N 170 PR b 24 I klel] (26)

w= [u‘] =5 ([XE] 4 [kzez )
Eq. (26) is the FBL control law. Selecting k;s large enough,
the errors converge to zero rapidly.
B. Stability analysis

The system described by (17) or (22)-(23) is a multi-input
multi-output (MIMO) square system with two inputs (ui,

+
u ) and two outputs (e, e;). The system order n is 2. The
number 7; of differentiations required for one of the inputs (

u , u* ) to appear in the derivatives of output e; is called the
relative degree of the corresponding subsystem. For the
MIMO system the relative degree is (r,73) = (1,1). The
total relative degree is ¥ = r; + r, = 2 which is equal to the
system order n=2. In this case, there is no internal dynamics.
The control law (26) guarantees the exponential convergence
of errors to 0 without any need to worry about the stability
of the internal dynamics or zero dynamics. Based on the fact
that there is no zero dynamic, the system is also a minimum
phase system [23].

To check the singularity of the proposed controller, the
determinant of matrix B in (19) is obtained:

27

det(B) = (2Vaexy + 2V4 Rex,

LgCFCRC
—x%2 —Rexyxy +VE)
1 Cr142 dc
This determinant rarely becomes zero.
Assuming x; = V. one can obtain:

(28)

det(B) ~ 2V + VacRexy)

1
LyCrcRe
Moreover, assuming |R.x,| < V. itis concluded that:

(29)

det(B) =~ Vz)>0

1
LyCrcRe
C. Implementation Dwell times with PWMS

To implement this control law using PWM technique, one
can consider the following procedure. The gates pulses based
ont*,t” and t° are shown in Fig. 6.a. Comparing the pulses
in Fig. 6.a and the PWM signals in Fig. 6.b, one can obtain
the gates pulses as:

I I I I

G1 : t°
Gz | t-
I I
G4 | | ©
:
» = >
(@
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Fig. 6. Dwell times and PWM pulses, a) gates pulses, b) PWM

signals
G, = G, = PWM, (30)
G, = PWM, /\PWM2 (3D
G; = PWM, (32)

V. Simulation results

To show the validity and the effectiveness of the
proposed model and the proposed -controller, some
simulation results are obtained using PSIM software. Details
of the parameters used in all simulation runs are provided in
Table II.

In Fig. 7 the simulation results of PI control without
controlling the FC voltage is presented. It is seen that the FC
voltage changes a lot, which can cause problems for the
inverter. Even the overall closed-loop system may become
unstable.

In Fig. 8 the simulation results of FBL control are
presented. It is seen that the injected current to the grid tracks
its reference perfectly. The FC voltage is also near its
reference; however it has pulsations. This phenomenon is
due to the instantaneous power at the single-phase ac port,
which pulsates at twice the AC voltage frequency, generating
the second harmonic current at the DC bus.

FBL does not inherently account for the uncertainties,
making it less robust in practical scenarios where exact

TABLE II SHI AND CONTROLLER PARAMETERS

VALUES

Parameter Value

DC input voltage 20 v
Switching frequency 2 KHz
Line frequency 50 Hz

FC 1000 puF-35v

Filter inductor 20 mH

r 1Q

Il 10

kq 250

k, 9500

il iLReference

15
1
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Time ()
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Fig. 7. The simulation results of PI control without FC
voltage control, a) the injected current and its reference, b) the
FC voltage and its reference, ¢) the inverter voltage

system parameters are unknown or subject to variation.
To demonstrate the resilience of the designed control, an
additional simulation test has been added, considering a 20%
error in the values of the FC and the inductor. The results of
this test are presented in Fig. 9. It is seen with small
inaccuracy in the parameters, small deviations are appeared
between the responses and their references. To achieve a
robust control, the designed FBL control should be combined
with sliding mode control or adaptive control techniques.

VI. Experimental results

Fig. 10 shows the experimental setup. To implement the
proposed controller a Discovery board is used. It has a 32 bit
STM32F407 microcontroller. This microcontroller has 1 MB
of Flash memory, 192 KB of RAM, 17 timers, 3 ADCs and
2 DAC:s. This device provides a 168 MHz/210 DMIPS

i iLReference
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A ~NONN
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Fig. 8. The simulation results of FBL control, a) the injected
current and its reference, b) the FC voltage and its reference, c)
the inverter voltage, d) the pulses of gates
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Fig. 9. The simulation results of FBL control with 20% error
in some parameters, a) the injected current and its reference, b)
the FC voltage and its reference

Cortex-M4 with single cycle DSP MAC and floating
point unit suitable to measure the required variables and to
implement the nonlinear controller.

Two signals are measured and fed back to the control

system: the FC voltage ( Xl) and the inductor current ( X2 ).
The advantage of feeding back of these two variables is the
simultaneous control of the FC voltage and the injected
current into the grid.
In Fig. 11 the obtained practical results using the proposed
FBL control are shown. In Figs. 11.a and 11.b, the injected
current and its reference are shown in both increase and
decrease of the injected current. In both case, the injected
current tracks its reference. In Fig. 11.c the FC voltage is
shown during the increase of the injected current. The ripple
on FC voltage is from second order harmonics in single-
phase system and it is increased when the injected current is
increased as seen in the Fig. 11.c. Using the proposed FBL
control, the FC voltage does not deviate. The DC voltage
input is also shown in Fig. 11.d

filter

Fig. 10. The experimental setup

VII. Conclusions

In this paper, a new model is developed for the SHI. A
novel controller for the SHI is proposed based on the FBL
control. The deviation of the FC voltage is investigated and
it is demonstrated that such deviations can be avoided using
the proposed control. The proposed control is compared with
conventional PI control and it is shown that the proposed
controller can control the injected current and the FC voltage
simultaneously. To implement the proposed control using
PWM techniques, particularly in practical setups, an
innovative method is suggested. Simulation and practical
results are obtained and the superiority and effectiveness of
the proposed modeling and control are verified. It is
observed that although the experimental results are slightly
less accurate than the simulation results, the overall patterns
of the outcomes remain consistent. The innovative obtained
model of the SHI can be used to design more sophisticated
controllers. To improve robustness, the FBL control can be
combined with robust control techniques such as adaptive
control or sliding mode control techniques in future research
works.
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