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ABSTRACT In this paper, a single-stage buck-boost differential inverter is optimally designed for appli-
cations with varying input DC voltage (e.g., photovoltaics and fuel cell systems). The designed inverter
has multiple functionalities, including power decoupling and AC output filtering, and it can operate with
a wide DC voltage range without adding extra power conversion stages or filters. Hence, it is naturally
compact and highly efficient. To fully exploit its benefits, the proposed inverter operating principle and
mathematical model were first developed to form the foundation of an optimal design. The criteria for
selecting the inverter’s key components have been presented. This ensures that the developed inverter meets
the aforementioned functional requirements without being overly sized. A digital design procedure based on
artificial neural networks is followed for further multiple objective optimization, targeting high efficiency,
high power density and low cost. A 1.8kW prototype of the inverter was fabricated through the digital
design. The inverter’s operating functionality with varying DC voltage, power decoupling, and filtering was
demonstrated by both simulation studies and experimental tests on the prototype. The accuracy of the optimal
design was also validated.

INDEX TERMS Single-stage differential inverter, power decoupling, optimal design, improvement of effi-
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ciency, power density and cost.

I. INTRODUCTION
The DC link of single-phase inverters consists of both con-
stant and second-order ripple power [1]. This ripple power
creates extra power losses and deficient performance in op-
erating at low-power regions [2]. Differential inverters can
eliminate such second-order ripple power. Their inherent out-
put capacitor is used for power decoupling; hence, additional
components such as switch, inductor, and capacitor can be
avoided [3]. This will also simplify the control as fewer com-
ponents are used [4]. Power decoupling methods are also
developed to minimize the DC capacitors, which sacrifices the
inverter’s overall efficiency and power density [5].

Existing differential inverters can be classified into the
buck, boost, or buck-boost types combined by two identical
DC-DC converters [6]. In [7], a buck-type differential inverter

was used to reduce the second-order ripple from the DC-link
by more than seven times, using a decoupling control method.
The same inverter was used for grid-connected photovoltaic
(PV) systems by applying a common-mode conducting loop
to minimize the second-order pulsating power without using
extra active components [8]. In [9], a common-mode control
was further presented to reduce the impact caused by the
mismatch of the inverters’ decoupling capacitors. In [10], a
waveform control-based ripple mitigation method was intro-
duced for a differential boost inverter to improve the stability
of a fuel-cell system. In [11] and [12], the waveform control
method was improved using rule-based and feedback current
controllers for battery storage systems. The buck and boost
type differential inverters are a good option for applications
where the DC-link voltage is higher and lower than the output
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voltage. For a residential PV application, the input voltage
could vary between higher or lower than the DC-link voltage.
Therefore, a DC-DC converter is needed between the source
and the DC-link to step up or step down the DC-link voltage.
Such DC-DC converter requires a high current inductor and
high voltage switches, which increases the additional losses,
volume, and design costs. Meanwhile, an additional control
is required to drive the switches. Therefore, a high-efficiency
and high-power density single-stage buck-boost differential
inverter is required. In [13], an energy-based power decou-
pling control method was introduced for a buck-boost inverter
to mitigate the second-order low-frequency ripple in the input
DC current. Consequently, the required capacitance at the DC
side is significantly reduced, allowing small film capacitors to
replace bulky electrolytic capacitors. However, the efficiency
and power density of differential inverters have not been in-
vestigated in detail.

The differential inverters are suitable for applications where
the DC-link voltage operates at constant values. For ap-
plications with varying DC input voltages lower than the
inverter AC voltage (e.g., PV and fuel cell systems), a
DC-DC converter is typically required to form a two-stage
inverter thus to step up and regulate a DC-link voltage higher
than AC [14]. Using extra DC-DC converters complicates
the topology, resulting in more power losses, volume, and
costs.

An effective approach is to use single-stage inverters, which
avoids extra DC-DC converters. In [15], a single-stage buck-
boost inverter using an LC resonant tank was proposed mainly
for improving efficiency by soft switching. In [16], another
single-stage inverter was introduced to reduce PV applica-
tions’ switching and conduction losses. Reference [17] also
focuses on using single-stage buck-boost inverters for PV
systems but with a detailed discussion on improving the life-
time by eliminating common-mode leakage current. In [14]
and [18], an alternative buck-boost inverter was introduced
to eliminate the common-mode leakage current and improve
the power quality of the AC output during unbalanced input
voltages.

The above research focuses on realizing the different func-
tions of single-stage buck-boost inverters, while an optimal
design of a multifunctional inverter with a wide input volt-
age range and power decoupling and filtering features has
yet to be presented. To close the gap, this paper presents a
single-stage buck-boost differential inverter that utilizes its
capacitors for power decoupling and AC filtering. Therefore,
no extra DC-DC converters and L-C filtering circuits are
needed, resulting in improved efficiency and power density.
On this basis, criteria for optimal component selection are
provided. An artificial neural network (ANN)-based digital
design was adopted to target high efficiency, high power den-
sity and cost reduction, considering the prototyping of a 1.8
kW bespoke inverter, which was then used in terms to verify
all the functionalities of the inverter and the accuracy of the
design.
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FIGURE 1. Proposed single-stage buck-boost inverter.

II. INVERTER TOPOLOGY AND OPERATION

Fig. 1 shows the configuration of the proposed inverter.
The topology is formulated by integrating two identical
non-inverting buck-boost DC-DC converters. It consists of
two inductors (L., L), two capacitors (Cy, Cp), and eight
switches (S1-Sg). Switches Sy, Sz, S5 and S¢ are for buck
operation; S3, S4, S7, and Sg are for boost operation. Although
the inverter has eight switches, four can be operated at low
voltage stress. The denotation is the input DC voltage (Vi,)
and current (ig. ), output AC voltage (vy,) and current (i, ). The
voltage v,y is generated by the subtraction of two capacitors’
voltages (Vca — V).

Fig. 2 shows the key waveform of the buck-boost inverter.
The inverter operates to generate two sinusoidal capacitors
with the same DC offset (see Vi, and Vyp in Fig. 2), repre-
sented as:

V. .
Vea = =7 (14 sint) + veomp (1)

Vb .
Vep = - (1 + sin (@t + 7)) + Veomp 2)

where Vyy, is the amplitude of the output voltage and veomp iS
the second-order ripple compensated voltage.

In (1) and (2), the term 1 + sin wt is used to generate offset
voltage, which helps maintain positive voltage across the ca-
pacitors. The peak value of the capacitor voltage is equal to the
peak value of the inverter output voltage. Also, the vcomp is the
second-order ripple compensated voltage, which is not added
to the peak voltage (see Figs. 2 and 13). Therefore, no voltage
stress was created in the design due to the term 1 4 sin wt.
From (1) and (2), the output voltage of the inverter can be
written as,

Vab = Vea — Voo

Vab .
Vap = > (1 + sin wt) + Veomp
V. .
— %b (1 + sin (ot + 7)) — Veomp

Vab . .
Vap = > (sin wt — sin (wt + 7))

Vap = Viap Sin ot 3)
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FIGURE 2. Key waveforms of inverter operating.

It can be seen that the output voltage is purely sinusoidal
due to the differential feature, and the second-order ripple
components will be captured in the capacitors.

The proposed inverter has four operation modes, as shown
in Fig. 3, which corresponds to the duration and switch pat-
terns in Fig. 2. The modulation signals generation logics of
S1 — Sg can be realized from the four modes of the inverter.
In each leg, upper and lower switches are operated as com-
plementary. When S| and S4 are in ON states, the current
through the inductor L, increases linearly. When S, and S3
are in ON states, the inductor current is reduced, which flows
through the input of the inverter. Similarly, the switches Ss,
Se, S7 and Sg are operated. The modulation of S, Sz, S3
and S4 occurs based on a sinusoidal signal with a required
offset. The modulation of Ss, Sg, S7 and Sg 8 occurs based on
a 180-degree phase-shifted sinusoidal signal with a required
offset.

In Mode I [#g — #1]: switch S is ON, the inductor L, current
increases rapidly, and the current flows through S3 and Sy
which switches according to the duty cycle (D) for boost
operation. The change of inductor current AL, in one switch-
ing cycle is balanced and represented as:

Vi Vin — V&
Ali, = -2Dp + (—C) (1—=Da)=0 (4
L. La

a
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FIGURE 3. Operating modes.

In Mode II [#; — 2], switch S3 is ON, the inductor L, cur-
rent flows through the AC side. Then, based on the duty cycle
(Dp) of Sy and S3, the buck operation can be achieved. The
change of inductor Al , current is then as follows:

Vin — V&
Al = (1—Ca> Da
Ly

In Mode III [t3 — 4], switch S5 is ON, the inductor Ly
current increases rapidly and the current flows through §7 and
Sg according to their duty cycle (Dg/) for boost operation. The
change of current Aly is given by:

Vea
—L%(I—DA>=0 (5)

a

Vi Vin — V&
Aliy = "Dy + (=) (1 =D =0  (6)
Ly Ly,

In Mode VI [t4 — t5], switch S7 is ON, the inductor L
current flows through the AC side. Then, based on the duty
cycle (Dg) of switches S5 and Sg, the buck operation can be
achieved. The change of Al in this mode is,

Vin — VA \%,
AILb=< mL Cb)DB b

—— (1 —-Dp)=0 7
- Lb( B) @)

By operating with four modes, the inverter output voltage
vgp 18 calculated by combining (4) to (7), as,
_ DaDgViy

(1 =Dp)(1—Dg)

®)

Vab
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1ll. MODELLING OF OPTIMAL DESIGN

In order to optimally design the inverter, detailed power
loss, volume, and cost models of the differential buck-boost
inverter will need to be developed based on the required
functions. These models are the foundations for determining
the efficiency, power density, and specific cost of a designed
inverter. The input design variables, including switching fre-
quency fsw, inductor ripple Aip, power switch’s area Ay, and
junction temperature A7j are used to calculate the power loss
and volume. Then, the component costs are modelled based
on the created power loss and volume models.

A. POWER GAN FETS

GaN FETs are ideal switches for designing high-efficiency
and high-power-density inverters [19]. Compared to Si de-
vices, GaN FETs have better switching and conduction per-
formance over a wide range of temperatures than Si-based
devices. For instance, they have faster switching speeds, lower
switching losses, higher breakdown voltages and higher oper-
ating temperatures. In single-phase inverters, the GaN FETs
improve performance over Si under wide load, temperature
and switching frequency conditions. Using these advantages,
the cost of other components, such as inductors, capacitors,
and heat sinks, can be reduced, significantly reducing the total
component cost of the inverter.

The power losses of GaN FETs are generated by their on-
state resistance Rps on, output capacitance Coss and thermal
junction-to-case resistance Ryjc. These variables are scaled by
their datasheet values to the area of the switch. The switching
losses of the inverter are the sum of the switching losses of all
switches [20]. Those of the buck side switches S, S;, S5 and
S¢ are,

Psw, buck = fsw

. AL, .
X { (Ia sin (wt) — > + lcomp> (Vinton + VsDlofr)

. . Ay,
+ (Ia sin (wt) + lcomp + TL> (Vintofr + VSDton)} 9

Those of the boost side switches S3, S4, 7 and Sg are,

Psw, boost — fsw
A iLa
2

X { (Ia sin (wt) + icomp + ) (Vcaton + Vsptofr)

. . A,
+ <Ia sin (wt ) + lcomp — T) (Veatott + VSDton)}
(10)

where icomp is the second-order current component. t,, and Zof
are the ON and OFF time of the switches. The total switch-
ing losses P sw Of the inverter is the sum of Pgy, puck and
P, sw, boost-

The conduction loss depends on the RMS current flowing
through the switch, which further relates to I, and I, Rps,on
and A Tj. It varies according to the switches’ duty cycle. The
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total conduction loss Piot,cond can is derived as,

>k *

RDS,onAsw .
) e

2.2 .2 A ii
x4 | Lsin® (o) + i, + 1za

AL,
)| o

The power losses of the Coss (Prot,C,) 18 @ function of the
input voltage and switching frequency,

Ptot,cond =2 <

- (Ifsin2 (@f + ) + iZomp +

C* A
Pt Cows = (A—W) (2Via +Vea +Va) f - (12)

SW

The reverse recovery losses occur during the body diode
transitions from on-state to off-state. For cascode GaN FETs,
a small number of reverse recovery losses (P r) Occurs in
the lower side switches, given as,

01 As
Potw = ( gf = ) @Vin +Vea +Ven) fow - (13)
SW
The gate losses depend on f;,, the gate-source voltage Vs
and the gate charge Q. The total gate loss of all switches Pyoy, ¢
is calculated as,

Q3 As
Ptot,g = 8( Ii* "

SW

) Vas fow (14

In cascode GaN FETs, the body diode of the lower side
switches incurred by the conduction loss during the reverse
recovery time #; [20]. The total power loss of the body diodes
(Prot,bd) can be written as,

Piot,bd = 4Vsp fowlir (Iout (sin (wt) + sin (wf + 7)) + 2ic0mp)

The volume of the switches is calculated as, (4
volsy = 8hgwAsw (16)
where A, is the height of the switch package.
The total cost of the switches is calculated [21] as,
Towitch = Mswitch (a1 + b1ksw, rated) (17)

where ngyiech 1S the total number of switches, a; is the cost per
switch £, by is the cost per rated ampere (£/A) and Ly, rated 1S
the rated current of the switch (A).

B. INDUCTORS
The inductor power losses consist of the core losses, the AC
and DC resistance losses [22],

Pid = aLi f& AL + apa fow AL+ apsI2 A (18)

where ar 1, @, and B are the Steinmetz coefficients; a;, and
ar3 are the constants, which are used to approximate the
values of DC winding resistance; y and A are the real values,
which are used to reduce the non-linearity.
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The approximated inductor volume is calculated as,

voling = ap4L (Igeak,a + I;i:ak,b) +apsL (Ipeak,a + Ipeak,b)
+aie (Ipeak,a + Ipeak,b) (19)
. . Ai,
Ipea.k,a = Iout sin (wt) + lcomp + ) (20)
. . Ay,
Ipeak,b = lou sin (ot + 1) + icomp + T (20

where ar4, ars, and ap ¢ are the polynomial coefficients and
are positive values. L is the inductor value (L = Ly = Ly).
Ipeak,a and Ipeax b are the peak currents of the inductors.

The total cost of the inductors is calculated [21] as,

Yinductor = a2 + b21ind, rated (22)

where a, is the constant cost £, by is the cost per volume
(£#/cm?) and Lind, rateq 1s the rated current of the inductor.

C. POWER DECOUPLING CAPACITORS
The power loss of the inverter’s capacitor is calculated as,

2
IRM&C tan §
27Tf2wc

where Irms,c is the RMS current flow through the capacitor,
tan § is the loss factor, f5,, is the frequency of the second-order
ripple power and C is the value of the capacitance.

In a practical design, the volume of capacitors varies from
different manufacturers. An approximated model is thus used.
The total box volume of the capacitors volc,p are calculated
as,

Pcap = (23)

V0lcap = ac1C (cha + Véb) + acC (VCa + VCb)

+acs (Ve, + Ve,) (24)

where aci, acz, and ac3 are the polynomial coefficients of the
capacitor which must be positive. C is the output capacitance
(C = C, = Gy). The output capacitor selection is the biggest
challenge, which has a trade-off between the second-order
ripple, power loss and volume.

The total cost of the decoupling capacitors is calculated [21]
as,

Ecapacitor = a3 + b3Vigred + ¢3Crated (25)

where a3 is the constant cost £, b3 is the cost per rated voltage
(£/V), c3 is the cost per capacitance (£/uF) and Cigeeq 1S the
rated value of capacitance (uF).

D. HEAT SINKS
The volume of the heat sinks is calculated as [23],

Vosa

VOlpeatsink = Py (AT, — Pp (Rosc + Rocs)) (26)

where Vpgsa is the volumetric resistance, Pp is the total power
dissipation of switches, AT is the temperature difference
between the junction and the ambient, Ryjc is the switches’
junction-to-case thermal resistance, and Rycs is the switches’
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case-to-mounting-surface thermal resistance. The values of
Ryjc and Rycs are obtained from the manufacturer’s datasheet.
The total cost of the heat sinks is calculated [21] as,

Zheatsink = @4 + b4v0lpeatsink (27)

where a4 is the constant cost (£), by is the cost per volume
(£#/cm?) and volpeq sink is the volume of the heat sink.

IV. OPTIMAL SELECTION OF COMPONENTS

The optimal selection of key components are critical for
optimal design. It is important that the selected GaN FETs
can withstand maximum voltage and current stress while not
being oversized. Similarly, proper sizing of inductors and
capacitors should be done according to the requirement for
limiting second-order ripple components.

A. VOLTAGE AND CURRENT STRESS OF GAN FETS

The evaluation of GaN FETs’ voltage and current stress is
used to select their optimal power rating. The voltage and cur-
rent stress are calculated individually for switches operating in
the buck and boost modes. The maximum voltage stress of Sy,
S2 S5, S6 (Vew.max.buck) depends on the input voltage, and the
maximum duty cycles DA max and Dp max for buck operation
as,

VinDA,max S Sl»SZ

sz,max,buck = {VinDB,max c SSs S6 (28)

The maximum voltage stress of S3, Si, S7, Sg in boost
mode (Viw max.boost) depends on both the voltage of output
capacitors and maximum duty cycles (Da/ max and Dp/ max)
for boost operation as,

sz,max,boost

D ma (Vabémax (1 +sina)t)+vcomp> € S3, 84

Diymax (2582 (14 sin (@1 + 7)) + veomp ) € 57, S

(29)

where Vip max 1S the maximum peak voltage. It is found
that the maximum voltage stress is obtained when the cor-
responding duty cycles reach their peak values. However, the
maximum voltage stress of S1, S» Ss, S¢ are half of that of S3,
S4 87, Ss.

The current stress depends on the maximum switching
current flowing through the switches which differs between
the buck and boost modes. The maximum switching currents
of the buck (Lsw, max, buck) and boost (Zsw, max.boost) Mmodes are
calculated as,

Yea(1=Dp)

Sk th
Isw,max, buck = Ver(1—D (30)
Cb( B) + Ib
2fswLb
VinDyr Veala
2 fswLa |
Isw,max, boost = VinDg/ VClb[b (31)
1n
2fswLb Vin

VOLUME 5, 2024



where I, and I, are the same output currents but measured at
the phase line and neutral line. It can be seen that the max-
imum switching currents depend on the maximum inductor
ripple current and the output current.

The voltage and current rating of the GaN FETSs can then be
selected to withstand the maximum voltage and current stress.

B. INDUCTOR SELECTION
The inductors should be selected to handle the dc ripple
current and produce pure output currents. However, a lower
inductor value helps to reduce the design size. This trade-off
should be optimized during the design.

In buck mode, the selected inductor should satisfy,

D A
La - A (Vm VCa) (32)
0.25 fonla
D A
L, > 28 (Vin — Vew) (33)
0.25 foult

In boost mode, the inductor should satisfy,

(1 —=Da)* (Vea — Vin)

L 34
2= 0.25 funla (34)
1 —Dp)? (Vey, — Vi
Lb < ( B) ( Cb m) (35)
0.25 fowly

For the given topology, the inductor current ripple is al-
lowed between 20% to 35% of the maximum output current
[19]. The current flow through the inductor contains a switch-
ing ripple due to the switches ON and OFF. This ripple current
can be reduced by increasing the value of the inductor. How-
ever, the preferred solution of the inductor is a lower value and
smaller size. To decrease the inductance value, the switching
frequency needs to be optimized accordingly. Based on these
conditions, the inductor value is selected as 440 wH.

C. CAPACITOR SELECTION
The output capacitor selection is one of the challenges, which
requires a trade-off to be made between the second-order
ripple, power loss and volume. The output capacitor needs to
handle the second-order ripple components diverted from the
input DC side of the inverter.

In buck mode, the required capacitor is calculated as,

_0.5(xIy)’Ly

= — 36
Y DaVinAVe, o
0.5(xky)*L,
o = (xlp)"Ly 37)
DgVinAVcy
In boost mode, the required capacitor is calculated as,
I, Vea —V;
Ca _ a( Ca 1n) (38)
2fswVCaAVCa
Iy (Vep — Vi
Cb _ b( Cb 1[1) (39)
2 fswVer AV

where x is the coefficient (0.2 to 0.4) that determines the
amount of ripple presented in the output current. Based on
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FIGURE 4. Structure of the ANN for the proposed design approach.

these conditions, the capacitor value is selected as 80 F. The
80uF capacitor is selected to handle the output and second-
order ripple compensation voltage. This value is obtained
based on the analysis of the trade-off between the second-
order ripple decoupling capacitance and the total power losses
and power density of the inverter [19]. Otherwise, a large
DC-link capacitor will be required to reduce the effect of
second-order ripple, which is not required in the proposed in-
verter. MKP1848C series polypropylene film capacitors from
Vishay BC Components were used, which are smaller than
electrolytic capacitors and the overall power density of the
inverter can be improved.

V. OPTIMAL DESIGN AND TEST VALIDATION

A. ANN BASED OPTIMAL DESIGN

Feedforward ANN is used to predict the performance of the
inverter design. The structure of ANN that is used for the pro-
posed design approach is given in Fig. 4. It consists of three
layers: the input layer, the hidden layer, and the output layer.
The layers are interconnected through artificial neurons, and
the neuron is called a node or unit. The number of input and
output nodes is selected based on the application. The design
approach is developed using the mathematical models from
the previous section. Initially, the datasets are generated using
mathematical models to train the network. The complications
are that using fewer hidden units will reduce the learning abil-
ity of the required function. However, this will significantly
reduce the network’s training time. Therefore, proper valida-
tion is required to ensure network accuracy. The connections
between nodes are associated with a weight, which sets the
threshold value of each node. The weights between the input
and hidden layer are represented as wyjj, the weights between
the hidden layers are represented as wj, and the weights
between the hidden and the output layers are represented as
wyr. The initial value of the weight is selected randomly. It
will then be changed during the training to reach the correct
target. The switching frequency, area of the switch, inductor
current ripple, and change of temperature are considered as
the inputs. Efficiency and power density are considered tar-
gets. The switching frequency, area of the switch, inductor
current ripple, and change of temperature are considered as
inputs of the ANN. Efficiency, power density, and specific
costs are considered targets. The detail design principle is
referred to in [24].
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TABLE 1 Design Constraints of the Inverter

Design variable Min. value  Max. value
Switching frequency fg,, 10 kHz 200 kHz
Current ripple Aij, 0.1/out max 0.45Zout,max
Switch area Ag,,, 0.9445,, 1.0745%,,
Change in temperature AT;  1°C 25°C
TABLE 2 Cost Coefficients of the Components
Switch Inductor Capacitor Heat sink
a b a b as b3 c3 as b4
45 39 12 05 -7.6 0.5 0.0032 0.056 0.045

100

95

90

Efficiency 7 [%]

4

5
Power Density p [kW/dmR]

Specific cost o [W/£] 10 6

FIGURE 5. Pareto-front (efficiency », power density p, and cost o).

The proposed inverter was designed using an ANN-based
multiple-objective optimization approach similar to [24], but
with the inverter cost added as a new performance param-
eter. The inverter’s power loss, volume and cost models
developed in Sections III and IV is first programmed in
MATLAB/Simulink to generate 2000 design data for train-
ing, testing and validating the ANN network, and accordingly
obtaining 2000 data of the efficiency, power density and cost.

The inductor value can be optimized by changing the
switching frequency and current ripple. For that, the switching
frequency can be varied from 10 kHz to 200 kHz and the
current ripple 10% to 45% of output current. The capacitor
value can be optimized by changing the switching frequency
and voltage ripple. The voltage ripple can be varied from 20%
to 40% of the capacitor voltage. The minimum and maximum
values of the design parameters are in Table 1. The coeffi-
cients of components’ cost models are in Table 2. The design
parameters are applied to the network and the corresponding
performance parameters (i.e., efficiency n, power density p
and cost o) are mapped as the Pareto-front (purple curve) in
a 3D space, which provides the best trade-off between the
performance parameters, see Fig. 5.

In this paper, the final design is selected for PV appli-
cations. The outcome of the design is compared in both
simulation and experimental, which is explained in Sec-
tions V-D and V-E. Any point located on the Pareto-front
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FIGURE 7. Prototype of the buck-boost inverter (1.8 kW).

provides the best combination of three performance param-
eters. To validate the proposed inverter, one design is selected
(located at the star), targeting 7 = 98.3%, p = 4.36kW/dm>
and 0 = 6.98 W/£.

B. CONTROL STRATEGY OF THE PROPOSED INVERTER

Fig. 6 shows the control diagram of the buck-boost inverter.
The controllers are classified into the voltage controller Ky (s),
inductor current controller K;(s), and second-order ripple con-
troller K>, (s). PR controller is used to design the controllers.
The detailed design of the PR controller is presented [1]
and [8].

The output voltage controller is used to regulate the voltage
across the load. The target frequency is selected to track the
fundament frequency and eliminate the odd and even har-
monics. The current controller is used to control the output
current and the inductor current. The target frequency of the
current controller is selected to track the fundament frequency
and eliminate the odd harmonics. The second-order ripple
controller acts as a decoupling controller, which controls
the second-order ripple in the DC-link current. The ripple
controller is used to reduce the second-order ripple and the
residuals of the second-order ripple on the DC-link current.
Therefore, the target frequency of the decoupling controller is
selected to eliminate the even harmonics.

C. VERIFICATION USING A PROTOTYPED INVERTER

A 1.8 kW prototype of the proposed inverter was fabricated
according to the optimal design conducted in Section V-A
(see Fig. 7). To achieve the targeted performance parameters,
the values of the inductor (L,, L;,) and capacitor (C,, Cp) are
440 uH and 80 wF, with switching frequency to be 50 kHz.
Using the prototype, the ability of the inverter for operating
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FIGURE 9. Results, without a second-order ripple controller.

with wider DC voltage, power decoupling and filtering was
experimentally demonstrated. Also, the accuracy of optimal
design was validated through comparing actual efficiency,
power density and cost to their target values.

Fig. 8 shows the experiment setup. The system consists
of the designed inverter, which is controlled by a Delfino
F2837xD unit, a DC source simulator (MODEL 62000H-
S SERIES), a power amplifier (PA-3x3000-AB/260/2G), a
power analyzer (Yokogawa WT1800) and oscilloscope (Tek-
tronix 8-channel MSOS58). The DC source simulator produces
the input voltage to the inverter. The power amplifier emulates
the grid that the inverter was connected to. The power analyzer
is used to measure the inverter’s efficiency and AC current
harmonics.

D. EXPERIMENTAL ASSESSMENT OF DESIGNED INVERTER
The inverter was first operated at 300 Vdc and 230 Vac.
Fig. 9 shows the results without enabling the second-order
ripple controller; and Fig. 10 shows those with second-order
ripple controller enabled. It can be seen that the second-order
ripple in the DC-link current (blue curve iq.) is reduced after
enabling the ripple controller. Both results show smooth AC
outputs, demonstrating the inherent filtering function.

The wide DC voltage operation of the inverter is then veri-
fied experimentally by varying the input voltage from 300 V,
see Fig. 10 to 400 Vdc, see Fig. 11. When changing the input
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FIGURE 12. Maximum efficiency of the buck-boost inverter.

voltage, the inverter operated smoothly to the desired output.
This confirms that the inverter performed well in both buck
and boost modes, with different dc voltages (300 Vdc and
400 Vdc).

The efficiency of the inverter is calculated for different
operating power. The maximum efficiency of the inverter is
97.78% at 990 W as shown in Fig. 12. Fig. 13 shows the
efficiency of the inverter operated from 100 W to 1.8 kW. The
measured maximum efficiency matches well with its target
value (98.3%), with an error of only 0.5%. The measured
power density is 4.36 kW/dm?, which is actually higher than
the target value of 3.5 kW/dm?3, and the cost is £253 which is
of ANN difference compared to the designed value £257.9
(e.g., 1800/6.98). This verifies the accuracy of the optimal
design of the proposed inverter.
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TABLE 3 Simulation Parameters

Parameters Values
Input voltage V;,, 250-300 V
Output voltage v,y, 230V
Line frequency f 50 Hz
Switching frequency fs,, 100 kHz
Inductors L, and Ly, 150 uH
Capacitors C, and C, 60 uF

300
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FIGURE 14. Operation without second-order ripple controller.

E. ADDITIONAL SIMULATION VERIFICATION

Simulation studies were performed to validate the operation of
the proposed inverter with varying input DC voltage (Vi) and
its functionality of power decoupling and filtering. The simu-
lation parameters are given in Table 3. The inverter connects
to a DC source, and outputs a 1 kW AC power. The simulation
performance of the inverter is verified by changing the input
voltage from 250 V to 300 V, which can be seen in the input
voltage performance of Fig. 14. At 0.02 sec, the input voltage
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FIGURE 16. Effectiveness of ripple controller on DC-link current.

is changed to 300 V and then again changed back to 250 V
at 0.04 sec. The power decoupling is achieved by enabling a
second-order ripple controller based on proportional-resonant
control blocks. The controller was initially disabled, and the
results are given in Fig. 14. It is seen that the inverter can
output smooth and sinusoidal AC outputs with V;,varying DC,
without any extra DC/DC converters and AC filters. However,
the 100 Hz components can be observed in the DC link current
(fde)-

In Fig. 15, the same test was conducted but with the ripple
controller enabled. The 100 Hz components in ig. were then
eliminated and stored in the output capacitors. The ripple
elimination capability is further compared by measuring the
100 Hz in Fig. 16. Fig. 16 shows the detailed comparison of
the magnitude of the second-order ripple, observed through a
low pass filter. It can be seen that the amplitude of second-
order ripple in the DC-link current Aigc is 6.25 A and 5.2 A
for inverter operating at 250 V and 300 V. This was signifi-
cantly reduced to 0.93 A and 0.49 A after enabling the ripple
controller, which is 7 and 11 times lower.

F. TOPOLOGY COMPARISON

The proposed buck-boost inverter is compared with other
buck-boost inverter topologies in terms of the power rating,
efficiency, type of switch, number of inductors, capacitors,
diodes, and switches (L, C, D, S), (see Table 4).

The proposed inverter has the highest efficiency along with
the highest power rating, and hence, the inverter would be suit-
able for relatively high-power applications. It can eliminate
the DC-side second-order ripples and hence avoid using bulky
DC links. The ripples are stored in its AC capacitors, which
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TABLE 4 Comparison of Buck-Boost Inverters

TABLE 5 Comparison of Existing Boost Inverters

Topology Power rating  Efficiency Type of No. of
W) (%) Switch (L,C,D,S)

[13] 400 87 Si 2,2,0,4
[14] 400 95.9 Si 1,3,0,6
[15] 500 93 Si 3,3,0,4
[16] 300 87 Si 3,2,2,4
[17] 300 95.7 - 3,3,0,4
[18] 800 95.7 Si & SiC 2,1,0,6
[25] 170 87 Si 2,2,3,5
[26] 500 96.5 Si 1,2,0,8
[27] 500 95.5 Si 1,2,0,6
[28] 300 94.5 - 3,3,0,5
[29] 300 97.4 - 6,3,4,4
[30] 800 94 - 2,2,3,5

Proposed 1800 97.8 GaN 2,2,0,8

inverter

also act as part of L-C filters. Hence, no extra filters are re-
quired. Most of the other presented topologies can also reduce
the DC-side second-order ripples by using large DC-link ca-
pacitors, which reduce the efficiency and power density of the
inverters [14], [15], [18], and [29]. Moreover, most presented
topologies use Si power switches. These switches’ switching
frequency and efficiency is lower than that of the GaN de-
vices. The presented inverters also have fewer total number of
inductors and capacitors compared to those in [14], [16], [17],
[28], and [29]. The number of passive components makes
a significant contribution to the total power losses and the
inverter volume. Hence, the presented inverter is very compet-
itive in terms of volume and power density. Arguably the main
shortcoming of the presented in inverter is the usage of eight
GaN based switches. This will slightly increase the overall
costs. However, four of them are operated at low voltage stress
and low-rating switches can be used. Also, in the long run, the
inverter has the highest efficiency and hence results in a low
cost of energy loss. Using these advantages, the cost of other
components, such as the inductor, capacitor, and heat sink, can
be reduced, significantly reducing the total component cost
of the proposed inverter to £253. The proposed topology has
the feature of second-order ripple reduction, which eliminates
the need for a bulky DC-link capacitor and reduces the total
component cost. However, in [26], the second-order ripple
problem is not addressed, and the high filter inductor ImH
is required for a 5S00W power rating. The proposed inverter
requires a total inductor of 0.88mH for a 1.8kW power rat-
ing. Therefore, the total cost of the proposed inverter can be
reduced compared to [26].

Then, the performance of the proposed inverter topology
was compared with conventional two stage and single-stage
boost inverters. The comparison parameters are given in
Table 5. When compared to [31] and [32], the buck-boost
inverters have fewer passive components, high voltage gain,
wide operating voltage, no separate output filter and balanced
voltage/current stress. The maximum voltage stress of Si,
S2 S5, S6 (Vsw.max.buck) depends on the input voltage. The
maximum voltage stress of S3, S4, S7, Sg in boost mode
(Vsw.max,boost) depends on the capacitor voltage. The current
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Attribut Conventio Single Proposed buck-boost
es nal two state boost inverter
stage inverter
inverter [32]
[31)
Number 2 1 1
of stages
Switch 5 5 8
count
Diode 1 2 0
count
Inductor 2 3 2
count
Capacitor 2 3 2
count
Voltage 1 1 DpDg
gain 1-D 1-3D + D? (1=Dx)(1—Dg)
Current Continuous  Continuous Continuous
mode
Switch Vout 1- D)Vin VinDA,max € 5,5,
VOltage 1—3D + D? VinDB,max € 55'56
stress € Sy Dp'maxVca € S3,54
Vout Dy maxVep € S7,Ss
€ Si4
Switch iy €5, (1=D)ly,  Vea(1—Dy)
current 1-3D + D? 2fiwl tha €S
sw™a
stress Isje € S1.4 €S, . Ve (1—Dp)
(2-3D + D* W-Flb 655_6
1-3D+1 V,Dy Vel
€ 51y 2ouka T VO
VinDp'  Vewly € 5,4
2fswl‘b Vin ’

stress depends on the maximum switching current flowing
through the switches which differs between the buck and
boost modes, which are calculated based on (30) and (31). The
details of voltage and current stress of the proposed inverter
are discussed in Section IV-A. A sinusoidal PWM control
strategy was presented to control the proposed inverter. How-
ever, the voltage and current stress can be reduced further by
using discontinuous modulation control strategy.

VI. CONCLUSION

This paper presents the modelling and optimal design of a
single-stage buck-boost inverter, which is suitable to operate
with varying DC input voltages and simultaneously to pro-
vide power decoupling and filtering functions. The operating
modes of the inverter were developed. Detailed mathematical
modelling of the inverter components’ power loss, volume,
and cost was presented. This was used as the foundation
for a digital multi-objective optimization design process. The
criteria of component selection are then discussed, based on
which components can be selected to achieve all required
functionalities without being oversized. An ANN-based opti-
mal design approach was used to design a 1.8 kW prototype of
the single-stage buck-boost inverter, targeting high efficiency,
high power density, and low cost. It has been demonstrated
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through both experiment and simulation tests using the pro-
totype that the inverter can operate smoothly with varying
DC voltages. The power decoupling function of the inverter
was achieved by enabling a ripple controller. The ripple in the
DC-link current was significantly reduced by more than 10
times. Also, the inverter outputs sinusoidal AC currents with
little harmonics without using extra filters.

The accuracy of the optimal design procedure was also val-
idated. Experimental tests show the prototype operated with
a maximum efficiency of 97.78%. The power density was
measured to be 4.36 kW/dm? and the components cost of the
prototype is £253. Compared to the outcome of the optimal
design method, the errors of efficiency, power density and cost
obtained are only 0.5%, 0.86kW/dm? and £4.9.

APPENDIX

The output capacitors stored the second order ripple compo-
nent. The instantaneous power of the capacitors is equal to the
ripple components, which can be written as follows:

. . Vabla
Veaica + Vevicy = — cos 2wt + @) A-h
dVe dVey Val.
Ves <Ca dta) Ve (Cb dt_ — _aTa cos Quwt + @)
(A2)
d (Ve Y2 d(Ven)? Vavl,
afel oS Tk oo ot +4) (A3

The value of output capacitors is equal i.e., Ca = Cb, Then,
the above equation can be written as follows:

d(Vea)?  d(Vew)? Vavla
=— 2
o + I o cos Qwt + ¢)

Substitute (1) and (2) to (A.4),

(A4)

Vab 3 2
d( =5 (1 +sinwt) + veomp
dt

2
d(% (1 + sin (@t + 7)) + veomp)
di

+

VabI a

=_2Ca

cos Quwt + @) (A5)

2

v, 2, v,
d 2(7" + vcomp> + <7‘3 sinwr + 7‘” sin (wr + (p))

Vabl.
= —% cos Qwt + ¢)dt

Integrating both the side of the (A.6),

(A.6)

2
Vab

AT v,
2(7 + vcomp> + (%" sin ot + %" sin (wf + go))

VL.
- —4;*’(:‘; sin Qat + ¢) +C
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abla

Vi,
v = —
comp 8wCa
Vab

v, v, 2 c
— (%bsina)t+%bsin(wt+<p)> + == —

sin 2wt + (p))

s -5 (A

where C is an integral constant which makes the values of
square root to be positive. From (A.7), the compensated volt-
age veomp can be determined. The required amplitude of ripple
compensated voltage is generated by a second-order ripple
controller.
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