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ABSTRACT Single-ended primary-inductor converter (SEPIC) based differential inverters (SEPIC-BDI)
have received wide concerns in renewable energy applications due to their modularity, galvanic isolation,
decreased power stages, continuous input current, and step up/down capability. However, its design still
has several challenges related to component design, the existence of complex right half plane (RHP) zeros,
and increased sensitivity to component mismatches. In this context, this paper presents an improved control
and enhanced design method for the three-phase SEPIC-BDI for grid-tied applications. A generalized static
linearization approach (SLA) is proposed to mitigate the low-order harmonics. It practically simplifies the
control complexity and decreases the required control loops and sensor circuits. The mismatch between the
SEPIC converters in each phase is highly mitigated due to the independent operation of the SLA in each
phase and the output dc offset currents are reduced. The proposed enhanced design methodology modifies
the SEPIC open-loop transfer function by moving the complex RHP zeros to the left half-plane (LHP).
Therefore, a simple proportional-integral (PI) controller effectively maintains converter stability without
adding higher-order compensators in the literature. Moreover, a straightforward integrator in the control loop
eliminates the negative sequence harmonic component (NSHC) and provides a low computational burden.
Simulations and experimental results based on 200V, 1.6 kW, 50 kHz prototype with silicon carbide (SiC)
devices are provided to validate the effectiveness of the proposed work. The results show that the proposed
controller and design method achieve pure output current waveforms at various operating points of the
inverter and dc voltage variations.

INDEX TERMS Differential inverter, renewable energy applications, negative sequence harmonic compo-
nent, power converters, power losses, single-ended primary-inductor converter (SEPIC).

I. INTRODUCTION
With the increased deployment and investments of renew-
able energy sources (RESs), such as photovoltaics (PV),
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wind generation system, and fuel cells, power converters
have become key contributors in ensuring reliable and effi-
cient conversion of the extracted power from RESs to the
loads and/or utility grid [1]–[3]. Conventional inverters uti-
lize two/three legs to build single/three-phase voltage source
inverters (VSIs). However, the integration of the recent RESs

VOLUME 9, 2021 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ 58689

https://orcid.org/0000-0002-5373-2876
https://orcid.org/0000-0002-5730-3884
https://orcid.org/0000-0001-7897-3572
https://orcid.org/0000-0002-9236-7840
https://orcid.org/0000-0003-2297-7050


A. Shawky et al.: Improved Controller and Design Method for Grid-Connected Three-Phase Differential SEPIC Inverter

with the utility grid needs DC-AC conversion circuits with
voltage boosting capability and low common-mode voltage
(CMV) [4]. In order to fulfill these requirements, integration
of line frequency transformer (LFT) between inverter and
grid is the simple and straightforward solution [5]. However,
the existence of LFT complicates the system in addition
to increasing the system weight and cost, particularly in
small-rating conditions (<5 kW), which represent major of
recent installed inverter ratings [6], [7]. The existence of LFT
deteriorates the RES through decreasing system efficiency,
lowering power density, and increasing electromagnetic inter-
ference (EMI) problems. Many inverter topologies have been
presented in the literature for replacing LFT with high boost-
ing DC-DC converters. Though the overall efficiency of the
inverter has been improved, two control loops are essential
to regulate DC-link voltage and to control the injected cur-
rent to the grid. Furthermore, smooth operation of DC-link
voltage requires the utilization of large electrolyte capacitors,
which adversely affect the inverter reliability and operating
lifetime [8]–[10].

Several single-stage inverter solutions have been proposed
in the literature for enhancing the power conversion efficiency
and reliability [11]–[13]. In [13]–[17], single-stage boost
inverter (SSBI) topologies have been proposed to achieve
higher output AC voltage. The addressed SSBI can be clas-
sified into two main configurations; The first configuration
uses three high frequency transformers (HFTs) for ensuring
the galvanic isolation and mitigating CMV [13], [18], [19].
Three H-bridge converters are used on the primary sides of
the HFTs to convert the DC input voltage into the three-phase
voltage. However, additional bridge converters are provided
on the secondary sides of the HFTs to control the generated
three-phase voltages. Every H-bridge converter in the pri-
mary sides of HFTs processes only the power of its speci-
fied phase, which equals to one-third of the inverter power.
Although this configuration guarantees low power rating for
the semiconductor devices, it requires high number of power
switches. This in turn makes the implementation and control
process more complex and unreliable. The second configura-
tion is based on eliminating the electrolytic DC-link capacitor
that is essential in the two-stage configuration. However,
the control complexity is increased, and both the DC-DC
converters and VSI have to process the full power [14], [15].
From another side, several topologies have been proposed
by replacing the DC-DC converters with impedance net-
works and diodes, such as Z-source inverters and split-source
inverters [16], [17]. However, these configurations still lack
for the galvanic isolation between the input and output.

In this context, differential inverter topologies have been
developed to combine all the features of the previous two
configurations [20]–[23]. In differential inverter topologies,
each leg of VSI is replaced with a DC-DC converter, as shown
in Fig. 1. The prominent feature of this simple structure is
achieved through combining merits of traditional VSI and
DC-DC converters in one compact single-stage. Similar to
VSIs, the differential inverter can be controlled using a single

FIGURE 1. Single leg representation of the VSI and differential inverter.

parameter (like modulation index in VSIs), which does not
need complex control parameters. Furthermore, the utilized
DC-DC converters have many features such as using small
passive elements. This in turn ensures the reliable operation
of the differential inverter with reduced weight and vol-
ume. It can also provide voltage higher than or lower than
input voltage magnitude with bidirectional power processing
capability. Additionally, the utilization of HFT-based DC-DC
converters provides the galvanic isolation and hence the elim-
ination of leakage currents.

Therefore, the main features and advantages of differential
inverters can be summarized as follows:
• Each DC-DC converter in the three/single differential
inverters processes one-third/half of the inverter power.
Therefore, lower components ratings are needed.

• Independent control of the DC-DC converters in differ-
ential inverters simplifies the modular construction by
adding paralleled DC-DC converters.

• Failure of one DC-DC converter in the differential struc-
ture does not mean the whole failure of the system. This
attractive feature improves the inverter reliability and
system availability.

• Modular for various multi-phase inverter systems.
Several topologies and control techniques have been pro-

posed in the literature for differential inverters
[20]–[23]. In [20], a single-phase 500W differential inverter
based on a two-boost converters has been presented for a
standalone application. The control function is based on
using sliding-mode control and PWM continuous modulation
scheme (CMS). In [21], a 1kW buck-boost single-phase
differential inverter has been introduced, where voltage-mode
control using a static linearization approach (SLA) is imple-
mented. In which, the SLA is implemented by function
known as F(φ). In [22], a three-phase differential inverter
using two SEPIC converters has been presented to utilize
the full voltage range of the four-switch inverter. The pre-
sented inverter is controlled by integral sliding mode control
technique, while the voltage gain is limited by the input
DC voltage. It is worth mentioning that sliding-mode con-
trol theory was extensively used with differential invert-
ers as in [20], [22], [24] due to their superior features.
Moreover, recent sliding-mode control techniques, such
as adaptive second-order and high-order controllers can
effectively enhance differential buck inverters [25]–[29].
Moreover, these techniques can reduce the mismatched
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TABLE 1. Comparison of the proposed contribution with exiting literature.

uncertainties, which existed in traditional sliding-mode
controllers [27], [29].

Three-phase differential inverters utilizing three boost con-
verters have been presented in several articles [25], [30]–[36].
In [36], the differential boost inverter is combined with a
battery-supported circuit for fuel cell applications. More-
over, five buck-boost converters have been implemented in
three-phase differential inverters [37], [38]. The buck-boost
converters can provide better performance with continuous
input-current, which is essential for photovoltaic (PV) appli-
cations. In addition, a simple control technique based on
proportional resonance (PR) compensator has been applied
for non-isolated and isolated topologies. Also, a three/single
differential inverter based on three/two Cuk converters has
been proposed in [39] and [40], respectively. In both circuits,
a PWM discontinuous modulation scheme (DMS) is used to
reduce the circulating power. The static linearization block
is based on the voltage ratio of Cuk converters and sensing
signal of input voltage.

In [41], [42], a three-phase inverter has been proposed
based on three isolated SEPIC converters for grid-tied appli-
cations. The SEPIC converter provides a continuous input
current and galvanic isolation using two switches and few
passive elements. In [41], the negative sequence harmonic
component (NSHC), which is being generated at the out-
put terminals of the differential inverters, is mitigated. The
mathematical analysis for NSHC has been presented, and its
effects on the DC input voltage have been validated using
simulation and experimental results. Furthermore, a modu-
lar SEPIC-based differential inverter (SEPIC-BDI) has been
proposed in [42]. Three SEPIC modules are utilized in each

phase to increase the inverter power. The modular structure
is developed based on the input-parallel output-parallel con-
nection of the SEPIC modules.

Table. 1 provides a detailed comparison for the addressed
differential inverters in the literature compared to the pro-
posed one. It can be seen that most of the addressed dif-
ferential topologies lack for detailed converter design. The
design process of these topologies only considers the required
ripple components (large-signal modeling) and the power
rating of the utilizing components to check the voltage and
current stress. However, they did not consider the effect
of selected passive elements on the performance of con-
trol techniques. Moreover, the addressed topologies lack
information about the robust relationship between the pulse
width modulations of differential inverters and their static
linearization approaches. An application of simple, generic,
and easy-implemented static linearization approach results
in improving highly the operation of differential inverters
by reducing the number of control loops, control com-
plexity, and employed sensing circuits. Finally, all previous
topologies did not include the implementation steps of their
static linearization approach. Therefore, this paper focuses
on the controller, modulation technique, converter design
considerations with static linearization approach, and har-
monics compensation capability issues to fill this critical
gap.

Motivated by the above-mentioned issues and challenges
in SEPIC-BDI, this paper presents an improved control
and enhanced design method for grid-tied three-phase
single-stage isolated SEPIC-BDI. The main contributions of
this paper can be summarized as follows:
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• Ageneralized static linearization approach (SLA) is pro-
posed in this paper. Although this approach is briefly dis-
cussed in [41], [42] for analysing the inverter operation,
this paper provides the detailed generalized implemen-
tation steps. The simplicity and generality to be applied
to other DC-DC converter types have been investigated.

• Independent application of SLA and the necessity for
eliminating the feedforward sensing is presented. This
feature can dramatically reduce the mismatch between
SEPIC converters in addition to reducing the required
control loops. Moreover, superiority of the proposed
SLA method over conventional PWM methods of VSIs
is also validated.

• An improved design strategy for designing the compo-
nents of SEPIC inverter is proposed in this paper. This
strategy can effectively move the complex RHP zeros to
LHP side. It decreases the non-minimum phase of the
utilized SEPIC converters from 630o to 450o.

• The small non-minimum phase response facilities the
use of PI compensator instead of high-order compen-
sator (PID [42], and type-II [41]). It can effectively
reduce the computational burden of the controller.More-
over, the new designed parameters of the utilized SEPIC
converter enhances the inverter efficiency.

The rest of the paper is organized as follows: The principal
operation of the SEPIC-BDI, CMS modulation, and opera-
tion of utilized SEPIC converters are covered in Section II.
The existed practical issues of SEPIC-BDI with conventional
CMS is presented in Section III. Additionally, the proposed
static linearization approach SLA is also illustrated. The pro-
posed enhanced design method of SEPIC elements is covered
in section IV. In section V, the developed control technique is
described. Results, discussions and inverter losses are pro-
vided in section VI. Finally, the conclusion is provided in
Section VII.

II. SEPIC-BASED DIFFERENTIAL INVERTER: WORKING
PRINCIPAL AND CONVENTIONAL MODULATION
SCHEME
The basic building structure of differential inverters is shown
in Fig. 1. For three phase differential inverter, three legs
are needed for proper operation, where (x ∈ {u, v,w}).
Each inverter leg has at least one DC-DC converter, which
is designed based on the required rated power. All the con-
verter legs share the same input source voltage Vdc. The
output voltages are differentially connected on the AC side
terminal (grid esx). Fig. 2 shows the schematic diagram of
the differential inverter using three SEPIC converters, which
has been presented in [41], and it will be focused in this
paper.

Among the different DC-DC converters, SEPIC converter
has several advantages, such as the non-inverting step-
up/down capability, and the input/output isolation using small
HFT. It has been utilized in several applications, such as
point of load (POL) converters, battery-powered systems, and
power factor correction (PFC) converters [43]–[45]. SEPIC

FIGURE 2. Circuit schematic of the isolated SEPIC-BDI.

converter has only two switches (main switch Smx and syn-
chronous switch Srx). The two switches in each phase leg
operate in complementary manner as in the upper/lower
switches of conventional VSI. In addition, the SEPIC inverter
has one input inductor Lx , two film capacitors (coupling
capacitorCx and output capacitorCox). It is worthmentioning
that SEPIC converters exhibit several additional advantages,
such as continuous input current, which is being necessary
to extract the maximum power from PV sources, increased
voltage gain and reduced voltage stresses on the power
switches [38].

A. CONVENTIONAL CONTINUOUS MODULATION
SCHEME (CMS) OF DIFFERENTIAL INVERTERS
Modulation of the conventional three-phase VSI is derived
using bipolar pulse width modulation (PWM). It is devel-
oped by comparing the modulation index (m ≤ 1 ) with
a sinusoidal signal at the grid-frequency Fg, which can be
expressed as:

dudv
dw

 = m×


sin(ωt)

sin(ωt −
2π
3
)

sin(ωt +
2π
3
)

 (1)

where ω = 2πFg is the radian frequency of the grid.
dx is the duty ratio of each inverter leg. Moreover, another
modulation technique based on a 120o phase-shifted mod-
ulation signals is applied to generate three-phase voltage
where, the output signal is compared with a sawtooth signal
(switching-frequency Fs) to produce the gate signals of the
complementary switches in each phase leg. Continuous mod-
ulation scheme (CMS) has been widely used in differential
inverters as shown in Fig. 3 [20], [25].

According to CMS, each DC-DC converter generates a
sinusoidal AC output voltage imposed on a DC biased voltage
due to the unipolar characteristics of all DC-DC converters.
The AC component of each converter equals to the phase
voltage of its connected phase of the grid. Therefore, the out-
put voltages amplitudes of all converter can be expressed as
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follows:

vou(t)vov(t)
vow(t)

 =


Edcu + Em sin(ωt)

Edcv + Em sin(ωt −
2π
3
)

Edcw + Em sin(ωt +
2π
3
)

 (2)

where, vox(t) represents the instantaneous output voltage of
each phase, Edc denotes to the DC component of the output
voltage, and Em is the peak AC component of the output
voltage. For symmetrical operation, it can be assumed that:

Edcu = Edcv = Edcw = Edc (3)

Afterwards, the DC biased voltages are canceled and
decoupled from the grid voltage by the differential connection
of converters due to the symmetrical operation. The line-
to-line voltages of the differential inverter can be expressed
as follows:Esuv(t)Esvw(t)

Eswu(t)

 =
Vou(t)− Vov(t)Vov(t)− Vow(t)
Vow(t)− Vou(t)



=
√
3Em


sin(ωt +

π

6
)

sin(ωt −
3π
6
)

sin(ωt +
5π
6
)

 (4)

It worth noticing that both the DC and AC components of
the output voltage are generated by the same converter and
should be larger than the voltage of input source to achieve
step-up voltage ratio. In this context, the voltage gain of the
utilized DC-DC converter is divided equally between the DC
and AC components. Therefore, the static gain of differential
inverter is expressed as follows:

M = 0.5
voxm
Vdc

(5)

where, voxm represents the maximum amplitude of the output
voltage of the utilized DC-DC converter. Furthermore, unlike
the modulation index of the VSI shown in (1), the value ofM
depends on the boosting capability of the DC-DC converter.

B. MODES OF OPERATIONS FOR THE UTILIZED DC–DC
CONVERTERS IN DIFFERENTIAL INVERTERS
By assuming pure active power with unity power factor for
SEPIC-BDI, the output current of phase leg u in the SEPIC
differential inverter can be expressed as follows:

isx = Im sin(ωt) (6)

where Im represents the peak value of the output phase cur-
rent. Whereas, the voltage ratio of SEPIC inverter can be
expressed as follows:

vox(t)
Vdc

=
viinx(t)
isx(t)

=
ndx

1− dx
(7)

FIGURE 3. Traditional CMS PWM of differential inverters.

Using (6) and Using (7), the input current of the SEPIC
converter can be obtained as follows:

iinx(t) = Im sin(ωt)×
ndx

1− dx
(8)

By using CMS, (8) can be rewritten as follows:

iinx(t) = Im sin(ωt)×
n sin(ωt)

1− sin(ωt)
(9)

By combining (5) and (9), the input current of SEPIC is
obtained as follows:

iinx(t) = 0.5MIm+MIm sin(ωt)×−0.5MIm cos(2ωt) (10)

According to (10), the input current of each SEPIC con-
verter depends on the output phase current and the static
gain of the differential inverter. Fig. 4 shows the duty cycle
using CMS, the input and the output currents of the SEPIC
obtained at (6) and (10). In the positive cycle of grid current,
SEPIC converter processes the input power similar to the
leg of conventional VSI. However, during the negative cycle,
the unipolar operation of SEPIC converter (positive output
voltage) with the negative cycle of grid current introduces
a pulsating power at twice the line frequency, as shown
in Fig. 4. This pulsating power introduces a negative sequence
harmonic component (NSHC) in the output current of each
converter. It is worth to notice that this issue is also existed
in the other existing differential inverters based on buck,
boost or buck-boost converters. Referring to Fig. 4, the grid
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FIGURE 4. Mathematical representation of duty cycle, output and input
currents using CMS.

cycle Tg is divided into three different periods for all SEPIC
converters: For period T1, the duty cycle dx is higher than
0.5. Hence, the input current iinx and the output grid current
isx are positive. In this situation, Mode-I for positive power
flow is obtained, wherein the converter power flows from the
input source to the grid. In the second period T2, the duty
cycle dx is low and the currents iinx and isx are negative,
which means that the power flows from the other two SEPICs
and circulates among them and the same analysis can be
applied for period T3. The difference between T2 and T3
is the origin of the current. In T2, the current flows from
the second SEPIC, whereas in T3, the current flows from
the third SEPIC. To achieve appropriate power conversion,
Mode-II is introduced for T2 and T3 for negative power flow.

Fig. 5 shows the various operating modes of the
SEPIC-BDI. In Mode-I, the power flow is processed by the
complimentary switching operation of the main switch Smx
and the body diode of the synchronous switch Srx . In this
interval, Smx is turned ON and the input inductor captures
the energy form the DC source. The HFT inductance is
charged from the coupling capacitor and the output capacitor
is responsible for supplying the grid-current. Smx is turned
OFF in the next switching interval as indicated in Fig. 5a. The
input inductor charges the coupling capacitors and provides
the current to the grid. The complementary operation of syn-
chronous switch and body diode of main switch processes the
negative power flow. Both operating modes are symmetrical,

FIGURE 5. Switching states of the proposed SEPIC converters.

which is being a distinct advantage for bidirectional power
flow without extra control circuits.

III. PRACTICAL ISSUES OF CONVENTIONAL CMS, AND
THE PROPOSED SLA METHOD
Fig. 6 shows the equivalent model of the three-phase
grid-connected differential inverter. The proper connection is
validated by integrating grid inductance Lgx between each
SEPIC converter and the connecting phase of the grid as
shown in Fig. 2. Whereas, Rgx represents the DC resistance
of the grid inductor.

According to Fig. 6, the output voltages and currents of
SEPIC converters are related as follows:

isx(t) =
vox(t)− esx(t)
Lgx + Rgx

(11)
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FIGURE 6. Equivalent model of three-phase differential inverters and the
basic idea of their control technique implementation.

As clarified above, the output voltage amplitude of the
SEPIC converter is divided between the AC and DC com-
ponents. Then, (11) can be rewritten as follows:

isx(t) =
0.5vox(t)
Lgx + Rgx

(12)

From (12), it can be seen that the grid current control of
the differential inverter cannot be achieved by comparing
the reference signal of grid current with the sensed one.
However, it needs a pure output voltage waveform of each
SEPIC converter that is greatly matched with the gird voltage
waveform. Therefore, any distortion on the output voltage
amplitude is reflected to the grid current even with using
robust control techniques. The main reasons of this distortion
can be summarized as follows:
• The nonlinear dynamic response between the output
voltage and the sinusoidal duty cycle that is generated
by CMS.

• The small non-minimum phase response, which is being
produced due to the existence of complex right half
plane (RHP) zeros of the SEPIC converters as proven
in [41], [42].

• The mismatch between the three paralleled SEPIC con-
verters especially when (3) is not achieved.

In this work, the aforementioned issues and NSHC are
addressed by proposing generic static linearization approach
and improved design methodology for SEPIC converter.
Fig. 7 shows the simulation results for the output voltage
waveform of SEPIC-BDI using CMS modulation. There is
a significant mismatch between the waveforms of output
voltages and the grid voltage waveforms. The reason for
this mismatch is the dynamic behavior of the SEPIC passive
elements (inductors and capacitors), which is generated by
the sinusoidal duty cycle dx waveform. According to the
simulation results, low-order harmonics at the 2nd , 3rd , 4th

and 5th order exist in the output voltage. This mismatch is
reflected on the grid current and hence the total harmonics
distortion (THD) is increased in accordance. This practical
issue needs an internal controller for the output voltage mod-
ulation with several control loops, which increase the control
complexity and affect the inverter stability.

FIGURE 7. Simulation results of the output voltage and grid voltage of
one SEPIC at SEPIC-BDI using CMS.

A linearization strategy has been proposed in [21] by
adding F(φ) for buck-boost based differential inverter. How-
ever, this strategy cannot be considered as a straightforward
solution. A more proper solution can be done by comparing
the characteristics of buck and buck-boost converters and
conventional CMS modulation. The voltage gain of the buck
converter is given as:

vox
Vdc
= dx (13)

From (13), the gain of a buck-based differential inverter is
similar to the modulation index of VSI as illustrated in (1).
Therefore, by merging the corrected voltage ratio of the
SEPIC converter, the mismatch issues can be eliminated.
It can be expressed as follows:

dx = m =
vox
Vdc

for buck converter

dx =
vox

vox + nVdc
for isolated SEPIC converter (14)

FIGURE 8. Comparison between conventional CMS and the proposed
MCMS schemes for SEPIC-BDI.

It can be seen from (14) that the proposed modified
CMS modulation (MCMS) is capable of achieving the static
linearization approach by merely integrating the SEPIC
converter’s duty cycle calculation in CMSmodulation. There-
fore, no additional control loops are required for the previ-
ously addressed low-order harmonics in Fig. 7. Fig. 8 shows
the difference between the conventional CMS and the pro-
posed MCMS PWM modulation. Furthermore, Fig. 9 shows
the simulation results for the output voltage waveform of
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FIGURE 9. Simulation results of the output voltage and grid voltage of
one phase leg of SEPIC-BDI using proposed MCMS.

SEPIC-BDI usingMCMSmodulation. It is worth mentioning
that all low-order harmonics are mitigated and the matches
between the output voltage of SEPIC and the grid voltage
are high. This concept has been developed also in [37], [38],
however, the implementation steps of the static linearization
function are not explained. Moreover, the developed methods
in [39], [40] use static linearization block based on the voltage
ratio of Cuk converters, however, this proposal needs a feed-
forward signal of the input source. In this work, the proposed
MCMS implementation provides a different application as
it does not need any feedforward signals, which reflects its
simplicity and applicability.

IV. PROPOSED ENHANCED DESIGN METHODOLOGY OF
SEPIC ELEMENTS
A 1.6 kW case study has been established using SEPIC-BDI
converter integrated with three-phase grid of 200 V line-line
voltage (rms) with a DC input voltage source of 100 V. The
grid and switching frequencies are selected to be Fg = 60 Hz
and Fs = 50 kHz. Since every SEPIC leg processes one-third
of the inverter power, the power and rms output current of
single SEPIC leg can be expressed as follows:

PSEPIC =
PDBI
3
=

1600
3
= 533.33 W (15)

isx =
PSEPIC
Em

=
533.33

200/
√
3
= 4.6187 A (16)

The proposed MCMS requires variable duty cycle so the
maximum possible range of the duty cycle of SEPIC con-
verter is selected to be 0.1 ≤ dx ≤ 0.8.

A. LARGE-SIGNAL MODEL
The large-signal model aims to obtaining SEPIC elements
based on the desired voltage ripple and current ripple
of inductors and capacitors. The average current of the
input-inductor and the magnetizing inductance of the SEPIC
converter are obtained as follows:

iinx = iLx =
nisxdx
1− dx

iLmx = nisx (17)

Similarly, the average voltage of the coupling capacitor and
the output capacitor are obtained as follows:

VCx = Vdc
VCox = Voxm = 2Em (18)

Large inductors and capacitors can achieve small rip-
ple components, as indicated in (19) and (20), however it
increases the inverter size and hence it has severe limitations.

Lx ≥
dxVdc

21iLxFs

Lmx ≥
dxVdc

21iLmxFs
(19)

Cx ≥
nisxdx

21VCxFs

Cox ≥
nisxdx

21VCoxFs
(20)

In this paper, the authors prioritize the converter size by
choosing small passive elements with small parasitic compo-
nents. Nevertheless, the variable duty cycle of SEPIC-BDI
introduces variable voltage and current ripples as well. The
duty cycle range limits the ripple window of voltage and
current. The critical limits exist at the highest duty cycle of the
inverter. At dx = 0.8, the percentage of peak to average value
of current ripples in input-inductor Lx andmagnetizing induc-
tance of HFT Lmx are assumed to be 20% and 30%, respec-
tively. This assumption is acceptable for a small inverter
with fair efficiency because the higher ripple increases the
conduction losses and deteriorates inverter efficiency [46].
The percentage of the peak to average value of voltage ripple
in coupling capacitor Cx and output capacitor Cox is assumed
to be 5% to provide grid current with acceptable THD. There-
fore, Lx=153 µH and Lmx= 408µH are obtained using (19)
and (20). Also, Cx and Cox are attained in the same manner
and they equal to 10 µF, 3.2 µH, respectively.

B. SMALL-SIGNAL MODEL
The SEPIC topology represents a buck-boost converter with
four passive elements and they determine the dynamic
response of the SEPIC-BDI. The open-loop control-to-output
transfer function can be represented as follows:

Gvd (s) =
vox(s)
dx(s)

= G0
a3s3 + a2s2 + a1s+ a0

s4 + b3s3 + b2s2 + b1s+ b0
(21)

where, G0 represents the dc-gain of SEPIC, ao-a3 represent
the zeros constants, and bo-b3 are the poles constants. Fig. 10
shows the root locus of (21) at dx = 0.1 − 0.8. The transfer
function has two complex poles and one complex zero at the
left-half plane in addition to a single RHP zero. It demon-
strates a non-minimum phase response and limits the inverter
bandwidth to less than the worst-case frequency (1.7 kHz).
Due to the differential operation, the poles and zeros move
simultaneously at the grid-frequency cycle. This strolling
adds a new challenge for the inverter control because the
complex zeros move towards the right half-plane, especially
at high duty cycles. For example, at dx=0.8, the complexRHP
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FIGURE 10. Pole-Zero map of open-loop transfer function at
dx = 0.1 - 0.8.

zeros is located at 2.19 kHz. In this case, the total phase delay
equals to 630o and the mismatch between output voltage
and grid voltage increases. Consequently, the control requires
high-order compensator or non-linear controllers to decrease
non-minimum phase response and to get a stable performance
as demonstrated in [22], [41].

FIGURE 11. Pole-Zero map of dx = 0.8 at different inductor DC resistance
Rdcr =0-1� with 0.1 � step.

C. PROPOSED ENHANCED DESIGN METHODOLOGY
Although high-order compensator and nonlinear controllers
can provide an improved performance for SEPIC converter in
several applications, they require high computational burdens
and/or analog controllers. They can also increase the cost and
complexity of the SEPIC-DBI. On the other hand, increas-
ing the parasitic resistance of the utilized SEPIC moves the
complex RHP zeros from the right half-plane toward the left
half-plane, as shown in Fig. 11. It shows also the root locus
of the utilized SEPIC converter at different DC resistances of
the input-inductor Lx . The DC resistance is changed from 0�
to 1�with a 100 m� step. Although the RHP complex zeros
move toward the left-half plane, 1 � parasitic resistance is
still insufficient to cross the left half-plane. Besides, the high
DC parasitic resistance limits the bandwidth by decreasing
the single RHP zero frequency from 1.7 kHz to 0.79 kHz.
This method reduces the voltage gain of the SEPIC and the
static gain of the SEPIC-BDI. Also, it deteriorates the inverter
efficiency in addition to limiting the controller bandwidth.

Alternatively, the proposed enhanced strategy is carried
out by changing Lmx and Lx ratio without violating the
large-signal model. Fig. 12 shows the root locus when Lx=
153µH is changed from 410 µH, and Lmx is changed from
450 µH - 700µH with a 50 µH step. It is worth noticing that
the complex RHP zeros are moving toward the left half-plane,
especially at higher values of Lmx . It is ultimately moved
again to the left half-plane at 650 µH and 700 µH. Also,
increasing Lmx has a small effect on the single RHP zero
location, where it is just changed from 1.68 kHz to 1.61 kHz.

FIGURE 12. Pole-zero map at dx =0.8 for magnetizing inductance
changing from 410 µH and 450-700 µH with 50µH step.

FIGURE 13. Pole-zero map at dx =0.8 for output capacitance changing
from 3.2 µF and 4-10 µF with 2 µF step with constant coupling capacitor
of 10 µF.

From Fig. 12, it is better to increase the magnetizing
inductance Lmx from 408 µH to 650 µH. It can completely
mitigate the harmful effects of complex RHP zeros. The new
Lmx=650 µH has a close bandwidth to the old one. Fig. 13
shows the effect of increasing the value of Cox . The first
complex poles are only changed with a resonance frequency
between 1.6 kHz to 0.904 kHz, where the other poles and
zeros remain constant. All the obtained values are acceptable
because the poles frequency is still higher than 20-30% of
RHP zero frequency. Fig. 14 shows the pole-zero map of the
SEPIC converter at higher values of Cx . It can be seen that
the coupling capacitor affects directly the second complex
poles and the complex zeros. It does not affect the first
complex poles and single RHP zero. From Fig. 14, the value
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FIGURE 14. Pole-zero map at dx = 0.8 for coupling capacitor changing
from 10 µF to 16 µF with 2µF step ans constant output capacitor of 3.2 µF.

TABLE 2. Final selected parameters of the proposed SEPIC-BDI.

ofCx=14µH is better as it has acceptable resonant frequency
and smaller ripple for the capacitor voltage. It is interesting
to interpret that the parasitic DC resistances of inductors
and capacitors are assumed zero to decouple between the
proposed enhanced design methodology and the traditional
solution, which improves the dynamic response of the SEPIC
converter by increasing the parasitic resistances [47]. Then,
the actual parasitic resistances of the proposed SEPIC con-
verter augments the stability of the SEPIC-BDI. Table. 2
shows the final selected parameters of the SEPICs using the
proposed enhanced design strategy.

FIGURE 15. Control blocks of the proposed SEPIC-BDI.

V. PROPOSED IMPROVED CONTROL TECHNIQUE
Fig. 15 shows the block diagram of the proposed improved
controller for SEPIC-BDI. It realizes the control function
using two control loops and the proposed SLA method. The
first loop regulates the grid-current to follow the sinusoidal
reference signal, whereas the second loop compensates the

NSHC. Referring to Fig. 6, the transfer function of grid
inductance is given as follows:

GLgx(s) =
isx(s)
vox(s)

=
0.5

Lgxs+ Rgx
(22)

Accordingly, the SLA is implemented using control block
GLgx(s). The input is the static gain of SEPIC-BDI and the
output is the duty cycle for SEPIC converters. Solving equa-
tions (2) and (14), the duty cycle of first SEPIC is obtained
as follows:

du(t) =
Edcu + Em sin(ωt)

Edcu + Em sin(ωt)+ nVdc
=

0.5
Lgxs+ Rgx

(23)

Since both components of SEPIC are equal and they
depend on the value of M , then (23) can be rewritten as
follows:

du(t) =
VdcnM (1+ sin(ωt)

VdcnM (1+ sin(ωt)+ nVdc

=
M (1+ sin(ωt)

M (1+ sin(ωt)+ 1

=
Mu(t)

Mu(t)+ 1
(24)

Therefore, the transfer function of the SLA method is
expressed as follows:

Du + du(s) =
M + mu(s)

M + mu(s)+ 1

=
M

M + mu(s)+ 1
+

mu(s)
M + mu(s)+ 1

(25)

where, mu(s) represents the small signal of the static
gain of SEPIC-BDI. Using only small signal part of (25),
the small-signal of the proposed MCMS is obtained as
follows:

GSL(s) =
mu(t)
M + 1

(26)

It is worth mentioning that the implementation of the pro-
posed MCMS, as shown in (25) and (26), does not require
feedforward signal from the input voltage. Moreover, its
implementation is more simple as in the conventional VSI,
where, the single parameterM controls the output of differen-
tial inverter. The transfer function of SEPIC has a fourth-order
dynamic model with one RHP zero due to the developed
enhanced design strategy. Therefore, simple PI control is
sufficient to validate the bandwidth beyond 20% to 30% of
the RHP and to achieve grid current control as well. There-
fore, the transfer function of the controller is based on the
traditional PI control and it is expressed as follows:

Gpi(s) = Kp +
Ki
s

(27)

The PI controller modulates the error between the actual
grid-current and reference value, wherein the output of PI
compensator is expressed byM1. In the second loop, the out-
put current of the proposed inverter to the utility grid is
sensed and compared with zero to eliminate NSHC. Then,
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an integrator Gint (s) is designed to modulate the error and
results the output M2. Finally, both components are added to
obtain the final static gain of each SEPIC as follows:

M = M1 +M2 (28)

VI. EXPERIMENTAL RESULTS AND DISCUSSION
Fig. 16 describes the experimental test setup of the
SEPIC-BDI. The system components and measurements are
based on the inverter shown in Fig. 2. The setup uses a 3-phase
AC supply (S3P-240-30) with 0-240 V and 10.4 kVA rating.
This AC supply is connected to a six-diode bridge-rectifier
(75L6P41) followed by 6000 µF to provide pure variable
DC voltage to emulate the time-variant characteristics of
renewable energy sources. Another variable 3-phase AC sup-
ply (S3P-240-15) with voltage range between 0-240 V and
5.2 kVA rating is used to represent the grid side. The voltage,
current and power analysis are recorded experimentally using
Yokogawa DL850 Scope and Yokogawa WT 1800 power
analyzer. The LA55-P and LV25-P are employed for sensing
the grid line-to-line voltages and the three-phase currents,
respectively. The experimental setup is also shown in Fig. 16.
The SEPIC inverter is implemented using three separate
power stages to provide a modular inverter. The gate drive
of each SEPIC is designed on the same power stage for
independent control. Isolated DC-DC converter (ISE0524A)
from XP power is integrated into the designated gate drive
to form gate isolation. It is a cost-effective solution in driving
low-side (main switch) and high-side (synchronous switches)
using the same driver chip. A high-performance SiC power
MOSFET (C2M0040120D) is used for both switches.

The input inductor and HFT are implemented using
an inexpensive ferrite core (EER-94) and Litz wire with
a bobbin 0.198 and conductor resistance ((3.14 m�/m)).
It provides efficient elements with low-cost and hence better
performance can be obtained. The coupling capacitor is a film
capacitor (C4AEOBW5140A3JJ) with 900 V and 14 µF to
enhance the reliability of the proposed inverter. The output
capacitor is also a film capacitor (C4AEQBU4330A11J) with
900 V and 3.3 µF. The snubber circuit is designed based
on previous capacitor, 4.7 k� resistance and diode. The
input capacitance is selected to be 120 µF and implemented
by four paralleled film capacitors (C4AEHBW5300A3JJ).
The details of the experimental parameters are illustrated
in Table. 3 and Table. 4. The control technique is realized
using PE-Expert 3 digital control system. It is embedded
with TI high-speed floating-point DSP TMS320C6713. The
MWPE3 Xilinx FPGA board (XC3S500E) is linked with
the DSP board for generating the gating pulses of power
switches with a 50 kHz carrier frequency. Table. 5 illustrates
the control parameters of the employed experimental setup.

Fig. 17 illustrates the experimental results at Vdc= 100 V
and 120 V, respectively. The input current is continuous with
a minimal switching ripple. As the SEPIC-BDI is operated
by a variable duty cycle, the input and output currents of
the utilized SEPIC converters vary periodically with the grid

FIGURE 16. Experimental setup and prototype of the SEPIC-BDI.

frequency. The injected grid current is synchronized with
grid voltage and introduces pure active power with a unity
power factor. Fig. 18 shows the duty cycles of the three
inverter legs and the static gain of differential inverter at
Vdc=100 V and P=1.6 kW. The signal of dx is compared with
a (-1:1) sawtooth signal having 50 kHz switching frequency
to generate the switches pulses. The symmetrical duty cycles
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TABLE 3. Experimental parameters of magnetic elements of SEPIC-BDI.

TABLE 4. Experimental parameters of switches and passive elements of
proposed SEPIC-BDI.

TABLE 5. Control parameters of experimental setup.

and constant static gain indicate the high performance of
proposed MCMS method.

Fig. 19 shows the FFT analysis of the obtained experimen-
tal grid-current at different input DC voltages and 1.6 kW
output power. The proposed improved controller enhances
the waveforms by reducing the NSHC to diminutive val-
ues. The maximum percentage of NSHC is less than 0.7%
and it is decreased at higher DC voltage values. Fig. 19d
shows the THD of the grid-current at different power. At full
power, the THD is 4.25%, 4.11%, and 3.26% at DC voltages
of 100 V, 110 V, and 120 V, respectively. The THD is lower
than 5% at various DC voltages and load conditions with
only two exceptions at 100 V DC with loads 200 W and
300 W. Table. 6 illustrates the DC offset of the grid current,
which are resulted from SEPIC converters mismatch. It can
be seen that this percentage is small as it is measured at
Vdc= 100 V to be 0.422%. Moreover, this value is reduced to
be less than 0.1% at Vdc= 120 V. Furthermore, the third-order
harmonics of the input current for the first SEPIC is also
measured. Its maximum value is 3.938% at Vdc= 110 V.

FIGURE 17. Experimental results of the proposed SEPIC-BDI at different
input voltages.

FIGURE 18. Duty cycle and static gain M of proposed SEPIC-BDI at
Vdc =100 V.

TABLE 6. DC offset and third-order harmonics of SEPIC-BDI.

This small percentage is achieved due to the successful oper-
ation of proposed SLA and proposed MCMS method.

The voltage and current of the primary and synchronous
switch are measured experimentally to check the voltage and
current stress as illustrated in Fig. 20a. It can be seen that
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FIGURE 19. FFT grid-current and THD at different conditions.

both switches operate according to the proposed controller
and the various operating modes (mode-I and mode-II) are
obtained in accordance. The inverter is capable of managing

the forward and circulating power efficiently. The maximum
peak voltage of power switches equals to 688 V (blue circle),
including the drain-source voltage, voltage ripple component
and the damped voltage spikes of leakage inductance at
HFT. The maximum current is obtained at the body diode
of the synchronous switch and it equals to 40.4 A. Both
voltage and current peaks are limited successfully under the
predetermined limits because of the snubber circuit, which
damps it out under the safe operation zones of the utilized
switches. Fig. 20b shows the switches operation at Mode-I by
zooming-in the results from Fig. 20. The instant duty cycle
at this voltage is 0.75. It is validated that the main switch
and body diode process the forward power. Fig. 20c shows
the switches operation at mode-II by zooming the results
from Fig. 20. The instant duty cycle at this voltage is 0.32.
The reverse power is diverted by the synchronous switch and
body diode of the main switch. Finally, Fig. 20b,Fig. 20c
show the effective operation of both switches at the switching
frequency.

Fig. 21a shows the voltage and current of input inductor
and HFT at grid-frequency and switching-frequency. Both
magnetic elements operate simultaneously and achieve mode
operations (mode-I and mode-II). They manage forward and
reverse power by charging and discharging states. The max-
imum peak voltage and the maximum current of the input
inductor are 670 V and 28.3 A, respectively. The maximum
peak voltage and the maximum current of HFT are 570 V
and 31 A. It can be seen that these worst-case of voltages
and current conditions that include the average values, rip-
ple components, and switching voltage and current spikes
are under the saturation limits set during the design pro-
cess of magnetic elements. Fig. 21b shows the voltage and
current waveforms at Mode-I by zooming-in Fig. 21. The
instant duty cycle at this voltage is 0.75. It can be seen
that the input voltage of the inductor equals to the input
DC voltage and the primary voltage of HFT at charging and
discharging states, respectively. Fig. 21c shows the voltage
and current waveforms at mode-II by zooming-in Fig. 21.
The instant duty cycle at this voltage is 0.365. The induc-
tor current in both charging and discharging states is nega-
tive, which indicates the reverse power processing. Fig. 21b,
and Fig. 21c show the tight operation of input inductor
and HFT at the switching frequency. The obtained results
prove the accuracy of the proposed design criteria of the
SEPIC-BDI.

Fig. 22 shows the measured efficiency profile of the
SEPIC-BDI at different DC input voltages (100 V,110 V
and 120 V) for output power variations between 0.2 kW and
1.6 kW. The measured efficiency range considers the possible
voltage and current variations of different renewable energy
applications. It can be noted that the efficiency increases
linearly at higher DC input voltages, especially at output
power ranges higher than 0.6 kW. Themaximum efficiency of
the proposed differential inverter is 90.12% at 700 W, which
is higher than the efficiency (87.99%) at full rated power
(1.6 kW).
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FIGURE 20. Switches voltage and current Stress of SEPIC-BDI.

Fig. 23 shows the power-loss distribution of the enhanced
SEPIC-BDI at different DC input voltages for full output
power (1.6 kW). This loss-division is calculated by modeling
the parameters of utilized components such as MOSFET
devices, magnetic elements (input inductor and HFT), capac-
itors, and other components under the developed method.
These parameters are obtained from the relevant datasheets,
as shown in Table. 3 and Table. 4. The dominant power
losses for Vdc=100 V are associated with HFT with 29.19%.

FIGURE 21. Voltages and currents of magnetic elements at SEPIC-BDI.

The power losses of the input inductor and switches are
27.9% and 26.95%, respectively. The rest of the power losses
is generated from grid-inductance, snubber circuits, control
circuit, and wiring, giving a total of about 15.88% share.
It is worth mentioning that the power losses of the main
switches represent 17.05% share, which are being larger than
those of synchronous switch 9.9% due to its operation during
Mode-I. The voltage and current peaks in thismode are higher
than of mode-II. The power losses of capacitors are lower
than 1% due to the small ESR resistance of utilized film

58702 VOLUME 9, 2021



A. Shawky et al.: Improved Controller and Design Method for Grid-Connected Three-Phase Differential SEPIC Inverter

TABLE 7. Comparison between SEPIC-BDI and other three-phase boost inverter topologies.

FIGURE 22. Experimental measured efficiency of the proposed SEPIC-BDI.

FIGURE 23. Power-loss distribution of SEPIC-BDI at full power and
different input DC voltage conditions.

capacitors. For higher DC input voltage, the power loss of
HFT increases to about 29.9% and 30.43%, and the inductor
losses increase to 29%, and 30.24%, whereas the power
losses in the main switches are reduced to about 25.54% and
24.83%, at Vdc=110 V and Vdc=120 V, respectively.

Table. 7 provides a short comparison of the proposed
SEPIC-BDI with other three-phase boost inverter topolo-
gies. The considered topologies in the comparison include
two stage converters based on boost topology [48] and
LLC topology [49], HFT-based H-bridge topology [50],
Z-source inverter [16], split source inverter [17], and switched
capacitor topology [51]. The proposed topology has only
six switches as in the traditional VSI topologies. More-
over, the performance of capacitors and inductors of uti-
lized SEPIC converters in this topology are enhanced in this
paper. For instance, the inductors are lower, and the utilized
capacitors are film capacitor types. Moreover, this topology
provides isolation and CMV elimination using the same set
of components and small HFT. It is worth mentioning that
conventional boost inverters need many switches to develop
isolation, as illustrated in references [49] and [50]. Finally,
the proposed enhanced control is simple and did not need
power control kits for implementation.

VII. CONCLUSION
An enhanced design methodology and improved controller
for three-phase SEPIC-BDI inverter have been proposed
for grid-connected renewable energy applications. Addition-
ally, this paper presented a generalized method based on
the static linearization approach (SLA) for mitigating the
low-order harmonic components, which are usually inherent
by differential inverters. The superiority and effectiveness
of the proposed controller and SEPIC-BDI inverter system
are validated using simulation and experimental results at
voltage range (100-120 V) and power range (0.2-1.6 kW).
By using the proposed SLA method with the SEPIC-BDI
system, the mismatch effects between the different SEPIC
converters are alleviated and the DC offset components in
the output currents are eliminated. Moreover, by selecting
the converter parameters based on the proposed enhanced
design methodology, more stable operation can be obtained
by moving the complex RHP zeros to the LHP. Therefore,
a simple PI controller is needed tomaintain converter stability
compared to the required nonlinear controllers and high order
compensator types in the existing methods in the literature.
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