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Buck—Boost Dual-Leg-Integrated Step-Up Inverter
With Low THD and Single Variable Control for
Single-Phase High-Frequency AC Microgrids

Ling Qin

Abstract—To support the development of high-frequency ac mi-
crogrids in terms of compact design, high-voltage gain and low to-
tal harmonic distortion (THD), a buck-boost dual-leg-integrated
step-up inverter is proposed in this paper. The inverter is formed
by integrating a buck-boost converter into a conventional single-
phase full-bridge inverter by sharing the upper switch and the
body diode of the lower switch in both bridge-legs. Consequently,
the component count is significantly reduced over the step-up in-
verter counterparts. In addition, to address the drawbacks of hy-
brid modulation methods adopted by existing dual-leg-integrated
inverters, such as double-variable control, and high THD of output
voltage/current at high input voltage and heavy load conditions,
unipolar frequency doubling sinusoidal pulse width modulation
scheme is adopted in this inverter. As a result, the modulation
ratio M becomes the only control variable to regulate the output
voltage/current and the control is simplified. The THD of the pro-
posed inverter output can remain low throughout the entire input
voltage range and load power range. This paper presents the topol-
ogy derivation procedure, operation principle, and steady-state
characteristics of the proposed inverter. To validate the effective-
ness of theory, experimental results of a 400 W hardware prototype,
where the output voltage frequency is at 500 Hz, are reported.

Index Terms—High frequency, inverters, microgrid, step-up,
unipolar frequency doubling sinusoidal pulse width modulation
(SPWM).

I. INTRODUCTION

ICROGRIDS operating in a higher than utility frequency
M (i.e., 500 Hz-1 kHz) have several advantages. These
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include improved power quality due to easier filtering of high-
order harmonics by using smaller power transformers, filter
capacitors and inductors, higher power density and reliability,
lower cost and simpler transformation structure, more compat-
ible with operating high-frequency electric machines, higher
operation efficiency of induction motors and fluorescent lights,
and a better platform for using flywheels as an alternative dy-
namic storage unit [1]-[3]. Hence, recently high-frequency ac
(HFAC) microgrids have attracted an increasing interest [4], [S].

One critical component of HFAC microgrids is the dc/ac
inverters, which interface with dc-based renewable sources, en-
ergy storage elements and loads, and convert the dc power to
HFAC [6]. To realize the potential and merits of higher line
frequency operation, the inverters are expected to have fewer
components, simpler structure, and higher reliability. Further-
more, for situations where the output voltage of PV panels varies
widely with environmental conditions and temperature, or the
output voltage of small wind turbines under low wind speed
usually are very low, the inverters connected to these sources
should provide a voltage boost function.

A commonly used topology for the single-phase HFAC sys-
tem is a resonant inverter, which includes a high-frequency full-
bridge structure for dc to HFAC conversion, and followed by a
resonant tank for producing a near sinusoidal voltage/current to
feed the distribution bus [7]. The resonant inverter offers high
conversion efficiency at high frequency (usually higher than
20 kHz) and produces an output voltage/current with low to-
tal harmonic distortion (THD). However, an important feature
of the resonant inverter is that its switching frequency should
equal the ac frequency. Therefore, when it is used in HFAC mi-
crogrids, where the bus frequency is 1 kHz for instance, the size
of resonant element does not reduce much as compared with
its high-frequency pulse width modulation (PWM) counterpart.
Another challenge of this topology is that it requires an input
voltage much higher than the amplitude of ac voltage to operate
because of its voltage step-down property. The topology hence
is not suitable for the aforementioned low and varying input
voltage sources. A simple solution to stepping up the inverter
output voltage is to add a step-up line frequency transformer [8].
This solution can result in high power supply volume, weight,
and cost and reduced power density. Another option is to adopt a
two-stage structure, where the front-end circuit is a step-up con-
verter (e.g., boost, buck—boost, etc.) and the rear-end circuit is
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Fig. 1. Integrated inverter. (a) Single-leg-integrated inverter reported in [24].
(b) Dual-leg-integrated inverter reported in [27].

the conventional full-bridge inverter [9]. These two-stage step-
up inverters can operate with a wide range of input voltages.
For instance, in the PV generating application, the front dc/dc
converter performs a maximum power point tracking (MPPT)
control, and the latter H-bridge performs a grid-feeding control.
Hence, the complexity of control algorithms can be reduced as
they can be implemented separately [10]. Furthermore, if the
isolated dc/dc converter is used as the first-stage circuit, the
leakage current commonly existed in the conventional noniso-
lated PV inverter can be suppressed fundamentally. However,
the abovementioned merits are obtained at the expense of the
loss of integration, and smaller power density. On the other
hand, the efficiency of two-stage system is limited by the prod-
uct of efficiencies of the individual stages [11], [12]. In [13], Hu
et al. proposed an HFAC single-stage inverter integrated with a
coupled inductor bridge-leg to achieve high-voltage gain, soft
switching, and electric isolation. However, its THD is very high
due to the square output voltage waveform, which will seriously
deteriorate the power quality of HFAC microgrids [1].

In the HFAC microgrid, since the ac bus can be generally
isolated from the utility grid by a transformer-isolated ac/ac
bidirectional interface converter, the common leakage current
problem in the inverter due to interfacing with PV panels can
be avoided. Hence, nonisolated single-stage step-up inverters
may be a better alternative for HFAC microgrids owing to their
highly integrated power-stage design, high-voltage gain, and
low THD. The reported single-stage step-up inverters can be
generally categorized into five types: current-fed inverter [14],
[15], Z-source inverter [16]-[18], combined inverter [19]-[22],
active buck-boost inverter [23], and integrated inverter [24]-
[27]. Compared with the first four types, the integrated inverters
significantly reduce the amount of components by sharing of the
power switches, and consequently they have simpler structure,
higher reliability, and are more suitable for HFAC microgrids.

The integrated inverters can be classified into single-leg-
integrated [24] and dual-leg-integrated [25]-[27] inverters, as
shown in Fig. 1. Compared with the single-leg-integrated
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Fig. 2. Hybrid modulation method of the dual-leg-integrated inverter.
inverters, the dual-leg-integrated inverters have higher voltage
gain and lower voltage stress and therefore they are the focus of
this paper. From the perspective of superposition principle, the
dual-leg-integrated inverter operation has two processes: voltage
boosting and inversion. Although the existing dual-integrated in-
verters adopt different control strategies, including proportional
integration (PI) control, one-cycle control, and hysteresis con-
trol, the modulation methods used are similar, as shown in Fig. 2.
Under this modulation, the boosting control signal S5t and
the inversion control signal Sj,yert are superimposed by the logi-
cal operation to obtain all the driving signals. During half ac line
period of the output voltage, one bridge-leg operates in PWM
mode to boost the input voltage, while the other one works in si-
nusoidal pulse width modulation (SPWM) mode to regulate the
waveform of output current (grid-connected system) or output
voltage (standalone system). During the next half ac line period,
the two legs exchange their operation modes. Since this modu-
lation method combines PWM and SPWM together, it is called
hybrid modulation in this paper. Hybrid modulation is helpful to
significantly reduce the double-frequency current ripple through
the boosting inductor and easily increase the voltage gain. How-
ever, it needs two control variables (duty cycle D of Sy, and
modulation ratio M of Si,yert) and output voltage polarity sig-
nal S;,, the control circuit and algorithm are relatively complex
in comparison to the traditional unipolar SPWM scheme and
unipolar-frequency-doubling (UFD) SPWM scheme. Another
critical issue is that D may be less than M at high input volt-
age and heavy load. This is so-called overmodulation. At this
time, during some switching periods, the upper switch of the
SPWM leg will lose its duty cycle, which will increase THD
significantly.

Besides, the existing integrated inverters are mostly deduced
from the boost converter. There are only a few articles on the
buck—boost-integrated inverter. In [27], Hugo et al. have suc-
cessfully integrated a buck—boost converter into a full-bridge
inverter by sharing of the upper switches of the H-bridge in-
verter, but this new topology uses more diodes than its boost-
integrated inverter counterpart. This paper proposes an improved
buck—boost-integrated inverter, which further shares the lower
switches as the freewheeling diodes of buck—boost convert-
ers and thereby reducing the amount of diodes from five to
two. In addition, this paper adopts the traditional UFD-SPWM
to achieve boosting and inversion control. Under this modula-
tion, M becomes the only control variable to regulate the output
voltage/current and the output voltage polarity no longer needs
be measured. Moreover, voltage gain of the proposed inverter
under UFD-SPWM increases with M. Hence, as long as the
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Fig. 3.

Proposed step-up inverter and its derivation steps.

input voltage meets the requirement of voltage gain, M will be
less than 1 and overmodulation will not occur. As a result, THD
can remain low for the entire allowable input voltage range and
load power range.

The paper is organized as follows: In Section II, the topology
and its derivation process are introduced. Its operation principles
in both continuous conduction mode (CCM) and discontinuous
conduction mode (DCM) are analyzed in detail, respectively. It
is then followed by analyses of the voltage gain and the input
inductance in Section III. Finally, in Section IV, the effective-
ness of the proposed improved inverter is verified by a 400 W
prototype, where the switching frequency is at 50 kHz and the
output voltage frequency is at 500 Hz.

II. NOVEL BUCK-BOOST-INTEGRATED STEP-UP INVERTER
A. Proposed Inverter and its Derivation Procedure

The proposed single-phase buck—boost-integrated step-up in-
verter and its derivation steps are shown in Fig. 3. As can be
seen, it is derived from the buck—boost converter and the con-
ventional full-bridge inverter by sharing the switches, where S;
and S5 correspond to the switch S in the buck—boost converter,
while Sy and S; work as the diode D. The function of boost in-
ductor L is similar to that in the buck—boost converter. Diodes
D, and D, can prevent the energy stored in the capacitor Cy
from discharging by L; and the switches S5 and S;. Compared
with the traditional two-stage step-up inverters, the proposed in-
verter reduces switch count, voltage stress across the capacitor
Cq and the number of power conversion stages, and hence it has
a simpler structure, lower cost, and higher efficiency.

B. Operation Principle

In this paper, the proposed inverter is modulated by the con-
ventional UFD-SPWM method. Table I shows the switching
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TABLE I

SWITCHING SEQUENCES OF THE PROPOSED INVERTER

Switching sequences

Positive half-cycle

Negative half-cycle

B R S

Sl 54 on, Sg Sf; off
S] S3 on, SQS4 off
S] 54 on, Sg Sg off
S5 Sy on, S1S3 off

S9S3 on, S1Sy off
Sl 53 on, SQ 54 off
SQ Sg on, S] S,1 off
S5 Sy on, S1S3 off

L1 A

LA

ILl,avg
A

ILl,max
-~

AT=Atg 1t Alg miatAls mast. . .+ AL N

(b)

Fig. 4.  Sketch of i1 (¢). (a) CCM. (b) DCM.

sequences during one switching period. According to the switch-
ing sequences, the operation principle of the circuit can be an-
alyzed. Since the operating processes during the positive- and
negative half-period of the sinusoidal modulation wave are sim-
ilar, here only the positive half-period is described.

In addition, due to the instantaneous power pulsation with
twice the line frequency, the boosting inductor current 4r, (¢)
will contain a second-order ripple, as shown in Fig. 4. I11 v
(the average of i1,1 (1)) rises with the increase of load power. So,
I11,avg Will be higher than I1,; 1., (the amplitude of second-
order ripple) under heavy load, as shown in Fig. 4(a). Instead,
I1,1,avg may be lower than I1,1 ,,,x under light load, as shown
in Fig. 4(b). Obviously, i1,; (t) is always continuous in Fig. 4(a),
but becomes discontinuous in BC section in Fig. 4(b). Therefore,
the former operation mode is named as CCM, while the latter is
DCM. The operation principles in these two modes are different
and need to be analyzed separately.

For convenience of analysis, it is assumed that the inverter
is operating in steady state and the following assumptions are
made during one switching cycle:

1) the inductors and capacitors are all ideal elements;

2) the turn-on and turn-off of switches are fulfilled instantly,
so the shoot-through will not happen and the dead time of
drive signals can be zero;

3) the capacitor Cy is sufficiently large that it can be equiv-
alent to a constant voltage source Uc;
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4)
5)

0)

1)

the input voltage Uy, is constant;

the voltage drop between n; and ny is called dc-link volt-
age Uqc, where Uy = Uy — Uy = Ui + Ug;

the load R is a pure resistance and R << 1/wC,, where
w is the line angular frequency. Hence, the current 71,9
through the output inductor Lo has the same phase with
the output voltage u,.

Based on these assumptions, the circuit operations in one
switching cycle can be divided into several stages, and
each dynamic equivalent circuit of the stages is shown in
Figs. 5 and 6.

CCM: The circuit operations in one switching cycle can

be divided into four stages in CCM. Fig. 7(a) shows the relevant
waveforms. The detailed analysis is given as follows.

Fig. 6.
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Equivalent modal diagrams of DCM. (a) Stage 1: [to — 1 ]. (b) Stage 2:

[t1 —t2]. (c) Stage 3: [t2 — t3]. (d) Stage 4: [t3 — t4]. (e) Stage 5: [t4 — t5].
(f) Stage 6: [t5 — t6].
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Ugs1,Ugsy Usi Usy be described as
Ugs3,Ugss Usq  Us3 ! i (t) = %“ (t—to) +ir1(to)- 1)
1
IS1,Us1 i i51\ Ug! !t Stage 2 [ty — to; see Fig. 5(b)]: At the instant t = t1, S,
. turns off and S5 turns on. Then, Ds is forward biased again.
Is2,Us2 Uge isy |t During this stage, i1.1 (t) keeps increasing, while iy 5 (t) con-
' T Ld » tinues to freewheel via Dy, U;,, and S].
183,Us3 /S Uge Stage 3 [ty — t3; see Fig. 5(c)]: At the instant ¢t = to, S
. turns off and S, turns on. During this stage, the operating
Is4,Us4 Is4 Ugc ! process is the same as that during Stage 1.
= Stage 4 [t3 — ty; see Fig. 5(d)]: At the instant ¢t = t3, S
o il I < t turns off and Sy turns on. ip,; (¢) starts to decre:ase and free-
L1,/L2 ~ %</%\ yvheel by ?1, D5, S5, and Sy. Thls 'stage will enq at the
i ; 1nstgnt t = t4, then the next switching cycle .beglns, re-
/ peating the above process. The relevant equation can be
T described as
ID2,UD2 i f
Yse iD iLl(t) = —%(t—tg) +’iL1(t3). 2)
ID1,UD1 ipi t !
— N 2) DCM: AsshowninFig.4(b), i1, (t) is discontinuous only
to 2 t A ta U in the BC section, which means the inverter’s working process
in the AB section is same as that in CCM and will not repeat
g1 Ugs2 " @ " here. While the inverter’s operation in one switching cycle in the
S 52 BC section can be divided into six stages. Fig. 7(b) shows the
Ugs3,lgsa st s : relevant waveforms. The fietailed analysis is given as follgws:
Stage 1 [ty, t1; see Fig. 6(a)]: Before t = t,, the switches
is1,Us] »’ U ¢ S and S4 remain in the turn-on state. At the instant ¢ = ¢,
— — de S5 turns off and S} turns on. During this stage, the operating
iso,lis) U > process is similar with Stage 1 in CCM except i1 (t) equals
Tor < to zero.
' U 7 Stage 2 [ty, to; see Fig. 6(b)]: At the instant ¢t = ¢y, S,
I33,Us3 is3 de turns off and S turns on. ip2(¢) has to freewheel via S
i 7 and 5. The potential of point b will be higher than that
IS4,Us4 Use of point a because of the inverse direction of voltage drop
V\ across the on-state resistance of S7 and S3. As aresult, D; is
LI iLo t reverse biased and D is forward biased. During this stage,
><4\\ ir,1(t) continues to linearly increase. At the instant ¢ = ¢5,
fin I P— 7 ir1(t) = ina(t), Stage 2 is end.
/J Stage 3 [to, t3; see Fig. 6(c)]: From the instant ¢t = o,
ip2,Up2 Un i > ir (%) contipues to increas§ anq is higher than 71,2 (t): Hence,
— the current ig3 () changes its direction and starts to rise from
ip1,UD] Une 7 zZero. Sinc'e ig3(t) is far smaller than ig;(¢), the voltage
— i1 across S5 is smaller than that across S . In other words, the
o ’ bty e 1o 1o 1 potential of point b is §till higher t.ha.n that of point a. As a
(b) result, D; keeps blocking and D is in on state.

Stage 4 [t3, ty; see Fig. 6(d)]: At the instant t = t3, S
turns on, Sy turns off, and Stage 4 starts. The operation
process during this stage is similar with Stage 1.

Stage 5 [ty, t5; see Fig. 6(e)]: Attheinstantt = 4,5 turns
off and Sy turns on. Both 41,1 (¢) and 41,2 (¢) start to decrease

Fig. 7. Main waves of the proposed inverter. (a) CCM and DCM (in the AB
section). (b) DCM (in the BC section).

Stage 1 [ty — t1; see Fig. 5(a)]: Beforet = t, the switches
Sy and Sy and the diodes D and Dy maintain the turn-on
state, while the current i1,; (¢) and 41,2 (¢) linearly decrease.
This stage starts when S5 turns off and S) turnsonatt = ¢.
At this moment, D, is reverse biased and both iy,q (¢) and
ir2(t) begin linearly increasing. The relevant equation can

and ir5 () has to freewheel via Sy and Sy. The potential
of point b will be higher than that of point a because of
the inverse direction of voltage drop across the on-state
resistance of Sy and S;. Hence, D; is reverse biased and
D, is forward biased. The expression of iy, (¢) is similar
to (2).
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Fig. 8. Detail waveforms during positive half-period of u, .
Stage 6 [t5, ts; see Fig. 6(f)]: At the instant ¢ = s, i1 (1)

decreases to zero, and D5 turns off. During this stage, ir,; (¢)
keeps zero and iy,5(t) freewheels through Sy and Sy. This
stage will end at the instant ¢ = g, then the next switching
cycle begins, repeating the above process.

III. STEADY CHARACTERISTIC ANALYSIS
A. Voltage Gain

1) CCM: Ttis assumed that carrier ratio equals N here. That
is, according to the triangular carrier period (i.e., switching
period T}), each modulated wave period (i.e., output voltage
period T) can be equally divided into N sections. Fig. 8 shows
the partial detail waveforms of modulation signal u, (¢), carrier
signal u. (t), uap (t) (voltage between point a and b), and boost-
ing inductor current iy, (¢), where (k — 1)7 and kT are the
starting time and the terminal time of the kth triangular carrier,
respectively, while a;. and ¢y are the zero-crossing phase of
U ().

From Figs. 7 and 8, the increment and drop of i1,; (¢) during
the kth triangular carrier period can be obtained as

UinTy [2 + M (sind/y, + sina’y,)]

A-Z'Ll,r,ccm = 4L1 (3)
UcT, [2 — M (sino” s
Al = TEBLM (0" sl

where M = U,y /Uen = Uom /Uqe is the modulation ratio,
Uym and Uy, are the amplitudes of w,(t) and wu.(t), respec-
tively. Uy, is the fundamental amplitude of w,}, (¢) and also the
amplitude of output voltage u, (¢). The detail deducing process
of (3) and (4) is given in the Appendix.

Then, the total increment and drop of 1,1 (¢) during one pos-
itive half-period of . () can be written as

N/2
TUin U To M . )
Al I_“—l .cem 4L1 4L1 I; (SlIl O/k —+ sin Oé”k) (5)
N/2
_ TU UcTsM ) )
Al cem = Elc C4L1 D (sina”y +sina/i ).

B
Il

1

(6)
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According to voltage-second balance of L, we can obtain
+ —
AILl ,ccm AILI ,ccm ” (7)

Substituting (5) and (6) into (7), we obtain

M N -1 N+1
U = ——— X Ui |si in | ——
¢ Nsin (%) X { [sm( 7r> —i—sm( ON W)]

2N
ool (NN g (N3
C |Sm ON ™ S111 ON s
®)

2UOHI
The detail deducing process of (8) is given in the Appendix.
In addition, we have

+ Ulll ~ Ull’l Jr

Uom = MUdc = M(UC + Uin)~ (9)

Hence, the voltage gain of the proposed step-up inverter in
CCM is deduced as
Uom _ 27M
Uin - mw — 2M '

From (10), it is observed that the modulation ratio M is the
unique factor influencing the inverter’s voltage gain in CCM.
Fig. 9 depicts the relationship curve of G.., versus M. Ap-
parently, G.., increases with M and could reach 4.2 when
M = 0.9, which is much higher than the maximum voltage
gain (G = 1.3) in [24].

2) DCM: As shown in Fig. 7, whether inverter operates in
CCM or DCM, its operation process when iy, (¢) is increasing
during every switching period is the same. Therefore, the total
increment of 4,1 (¢) in DCM must be same as the one in CCM.
That is

Gccm = (10)

TUin
AIITl ,Jdem T = AIEI cem 4L1
N/2
UmT M . / . "
X ). 11
“iL, ];(smak + sina’y) (11

It can be further seen that the operation process when iy, (t)
is declining in the AB section in DCM is also same as that
in CCM. Thus, the drop of 4,1 (¢) during this section can be
explained by (6). However, different from CCM, there are six
stages during one switching cycle in the BC section in DCM,
while ip1 () descends during Stage 5 and equals to zero during
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Stage 6, as shown in Fig. 4(b). It is assumed that there are
m switching periods included in the AB section and (N/2—-m)
switching periods included in the BC section. Then, the drop of
ir1(t) during a switching period in the BC section be deduced as

Ue (T. MT,
I | 2 1

. "
Al BC dem = [sina”,

—|—sino/k+1} - Atﬁ’]\n} (12)
where Atg . is the duration of Stage 6 in the kth switching
period and k € [m + 1, N /2], as shown in Fig. 4(b). From (4)
and (12), we can get the total drop of i1, (¢) during the positive
half-period in DCM

N/2
_ TUz UcTiM . .
AL gem = YA ]; (sina”j +sinay 1)
ATUq
I (13)
where AT is the total duration when i1,; = 0, as shown in
Fig. 4.

. + _ S .
There is AT} 4o = Al gy according to the voltage-
second balance of L, so we can obtain

2U, 2U,

Ue = Uin + Uﬂ?m o Uiu + Uﬂ.m

¢~ 1_ 4AT T | 4kAT
T T

(14)

where k = AT /AT’ and AT’ is the duration of the BC section.
The detailed deducing process of (13) and (14) is also given in
the Appendix.

According to (14), the voltage gain in DCM can be deduced:

Uom (2 — 4k fAT")M

Caen = T = {1 = akfAT - B0

15
Uin ( )

where f = 1/T is the frequency of the sinusoidal modulation
wave and the fundamental output voltage.

The approximate analytic expression of A7” can be obtained
with geometric method. From Fig. 4(b), we can see that point D
and point E are the adjacent positive amplitude point of 41,1 (¢),
respectively. Connecting DB and EC to the point F and according
to the similar triangles theorem, we can obtain

T (ILl,max - ILlA,avg)

AT ~
4IL1,max

(16)

Since i1, (t) is fluctuating with 2, its total increment during

a positive half-period of u,(t) will be AI{LCCm = 4111 max,
and then (11) can be simplified and transformed as
Un.T (1 M
I max ~ n o . 17
L, AL, (4+ 277) (a7

Assuming that the inverter’s loss is very small, and then P, =
Uin Iin, where [, is the input average current. Considering the
average current through the capacitor Cy is zero during one
period of w, (t), the average of 41,1 (¢t) will equal I;,, that is

F,
Uin )

(18)

Ittavg = Iin =
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Fig. 10. Relationships among G, P, and M.
_ —
E 120, ‘
=100
51
§ 807
2 604
o
k=
50407
g
3 20+
8
B Q- L
o
= =" 500
45 SRR 0 F12)
i (V) 401500 Line frequen®
Fig. 11.  Variation of L1 with Uy, and f when P, max = 400W.

Substituting (17) and (18) into (16), we have

T 4nP, I,

AT = = - Tl
4 U2 (m+2M)

19)

According to (15) and (19), we have
M [(2 = k) (7 + 2M) 7UZ + 1672k f Py L1 |
(r — 7k —2M)U2 (7 +2M) + 1672k fP, Ly
(20
In this case, the duration of stage 6 is about one-fifth of 7.
Therefore, k is approximately equal to 0.2. Fig. 10 shows the
three-dimensional relationship among Gcn, P, and M, when
Un =42V, k = 0.2, f = 500Hz and L; = 2mH. It can
be found that Gy.,, increases with the increase of M or the
decrease of P,.

Gdcm =

B. Boosting Inductance L

According to (5), we can have

UinT UinTéM
PN AAT], o sin ()
L1,ccm L1l,ccm s N

< lsi N-1 Lsi N +1
sin | —5— sin {

Uin 1 M
~ .M 21
2111, pp (4 * zw) @D
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TABLE II
PERFORMANCE COMPARISON OF DIFFERENT SINGLE-STAGE STEP-UP INVERTERS. (A) PASSIVE COMPONENT. (B) ACTIVE COMPONENTS

Inductance/current stress Capacitance/voltage stress
L Ly Ly Cai Co Co
Current source inverter[15] 11mH/13.8A 2mH/5.2A -- 10uF/200V - 0.3uF/200V
Z-source inverter [8] unsuitable unsuitable unsuitable unsuitable unsuitable unsuitable
Combined inverter [19] 0.03mH/44.5A 0.03mH/44.5A 2mH/5.2A 10puE/250V 10pE/250V 0.3uF/200V
Active buck-boost inverter [23] 0.161mH/38.8A - - - -- 0.3uF/200V
Literature [26] Coupling inductance
(Hybrid modulation) 0.041mH/10.5A 2mH/S.2A | 200pF/250V - 0.3uF/200V
Dual-leg. (Hiéﬁﬁaﬁiiﬁﬁon) 0.58 mH/10.5A - 2mH/S2A | 90uF250V - 03uF/200V
integrated
inverter (UFD-SPWM) 2mH/10.5A
The proposed inverter -- 2mH/5.2A | 470uF/200V - 0.3uF/200V
(Hybrid modulation) 0.35mH/10.5A
(a)
Switches Diodes
Si-Sq4 D;-Dy
Current source inverter[15] Uom Uom
7.9A/162V 7.9A/162V
Z-source inverter [8] unsuitable unsuitable
S1.S; S2,84
Combined inverter [19] UintUom) (UntUom) None
13A /199V 8A/199V
Si1, S3 Sz, S4 Ss5-Se S;-Sg
Active buck-boost inverter [23] U, U, Uom Uom None
15.4A/42V 21.9A/42V 15.4A/155V 21.9A/155V
S],S; Sz,S4 DI,DZ D3
Literature [26] 1+nD, 1+nD,, 1+nD,, 1+n
(Hybrid modulation) Uin 1- Db‘;‘ Ui 1— Db: Ui 1— Db‘;l Ui 1- Dy,
3A/210V 14.8A/210V 12.9A/210V 4A/356V
Literature [27] 5185 2,84 Di-Dy Dia, Dsa Dig, D3g - 92/5249
Dual-leg- | Hybrid modulation 11.4A/256V 29A1210V IA210V | 3A256V | 9.1A245V | 277
integrated The proposed
inverter inverter S1,8s S2,84 D,,D,
2U, 2U, 2U,
2U: ZZom 20U ZZom 2U: “Yom
(UFD-SPWM) Yin = Yin = Uin + =
8.5A/182V 3.4A/182V 7.2A/178V
. ‘ Uy — Uy Uy —
(Hybrid modulation) 1= Dy 1= Dy 1-Dyy
7.7A/210V 3A/210V 6.6A/206V
(b)
where I, ,, = 0.5AIf | = 2111 1nax is the peak—peak value IPW60R041C6 IPWGO0R041C6
of ip1(t). Obviously, ir;(t) will be discontinuous when + S‘_I o _I
. . . = H
Iti pp < 2111 ave- In general, this case is designed to appear Ung_ Bl
N
under 40% of rated load p.ower Po,ma.x- Thus, based on (10), i L IDW300%5C5 |2
(18), and (21), we can obtain the boosting inductance «— AAA4
o IDW30G65CS
U2 (rUsy, + 2U, N
L, > 1n( in om) ) (22) e D, A A
6.4f Py max (TUin + Uom) 470uF 1k 1
S:'H] s,
Fig. 11 shows the variation of L; with U, and f when [PW60R041C6 IPWEOR041C6
Py nax = 4 . As can n, the lower limit of L; is in- i .
0,max 00 W. As can be seen, the lowe tol Ly 1s Fig. 12.  Implemented power stage circuit of the prototype.

versely proportional to f. Therefore, the size and weight of L,
will be significantly reduced when the proposed inverter is used
in HFAC microgrid over other traditional 50 Hz applications.

C. Decoupling Capacitance Cyq

The decoupling capacitor Cy is to buffer the difference of in-
stantaneous power between the source and the load. Therefore,
the voltage across Cq contains a double-line frequency pulsa-
tion. Supposing the desired low ripple is AUz = 0.02Uc¢, the
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requirement of decoupling capacitance can be given as [28]

Po,max

AUcUc ~ 0.04nfU3

Po,max

>
Ca 2 2 f

(23)

where P, ax 18 the maximum output power, U, is the average
voltage across Cq. If Uc = 160 V, P, 1,5x = 400 W,and f =
500 Hz, we can obtain Cy > 249 uF. Here, Cq = 470 uF is
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Fig. 13.  Experimental results when the monopole frequency doubling SPWM modulation is adopted. (a) P, = 400 W. (b) P, = 80 W.

chosen. Furthermore, as can be seen from Fig. 11, L;~ 2 mH
under such working conditions.

Other key features in terms of component count, the capac-
itance, inductance, and electric stress of the proposed inverter
and existing typical single-stage inverters have been compared
in Table II. The device current stress expressions of the inverters
are not given due to their complexity and difficulty to compare
intuitively. Hence, the voltage stress expressions and the simu-
lation values of electric stress under the same working condi-
tion (Uy, = 42V, U, = 110V, f; = 50kHz, f = 500 Hgz,
P, = 400 W) are provided in this table. Since the voltage gain
of the single-phase Z source inverter is low (usually less than
2), itis unsuitable for this application. Therefore, the parameters
of Z source inverter are not given here. From Table II, we can
see that, except the current-fed inverter, all these inverters show
their respective advantages in the fields, such as the inductance,
capacitance, the elements number, and electric stress. However,
it is obvious that the proposed dual-leg-integrated inverter has
less components and smaller current stress of power switches
when compared with other traditional single-stage boosting in-
verters, which results in a simpler structure and lower con-
duction losses. Furthermore, it can also be found that the pas-
sive component requirements of the decoupling capacitance Cy
and output LC filter are similar under both the hybrid modu-
lation and the UFD-SPWM. However, to obtain the same de-
sired current ripple, the inductance L; under UFD-SPWM is
much larger than that under hybrid modulation, which is also
the main demerit of the dual-leg-integrated inverters under the
UFD-SPWM.

IV. EXPERIMENT RESULTS

A 400 W prototype of the proposed buck—boost dual-leg-
integrated step-up inverter was built and tested in lab to verify
its feasibility. The main objective of the paper is to investigate the
capability of the inverter to produce high voltage gain and high-
quality output voltage. Hence, we have designed the inverter for
islanded mode. The specifications are described as follows: input
voltage is U, = 42 — 54V, the RMS and frequency of output
voltage are U, = 110V and f = 500 Hz, respectively. The
maximum output power is P, ,ax = 400 W, and the switching
frequency is f; = 50 kHz. The implemented power stage circuit
is shown in Fig. 12.

Fig. 13(a) and (b) depicts the experiment waveforms of u, (t),
Ue (1), wan (t), win (t), uo(t), and i1 (t) when the buck—boost-
integrated inverter is at 400 and 80 W, respectively. It can be
seen that this inverter adopts UFD-SPWM and its input volt-
age Uj, equals to 42 V, while output voltage RMS is controlled
to 110 V both in CCM and DCM, which means the proposed
inverter under UFD-SPWM can boost the input voltage. More-
over, in both operation modes, the voltage gain G equals to 3.7,
but the modulation ration M is measured as 0.87 (CCM) and
0.81 (DCM), respectively. According to Figs. 9 and 10, the the-
oretical value of M is 0.85 (CCM) and 0.78 (DCM) under the
same operation condition, which approximately agree with the
experimental results.

Fig. 14 shows the transient waveforms when the inverter tran-
sitions between CCM and DCM at U;, = 42 V. In the exper-
iments, the set point of the load will be changed at the time
tswiten to initiate the operation mode switch. It can be seen that
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Fig. 14. Experimental results when U;, = 42V under load variation.
(a) Overall results. (b) Partial enlargement.
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Fig. 15.  THD of output voltage with different modulation method.

the inverter works in CCM before the time tqyiicn, @S Shown in
Fig. 14(b). At this moment, u, is kept stable and its RMS is
110 V. After tgyitch, the current 71, becomes discontinuous and
u, quickly restore to stability after 4 ms (i.e., two line period),
which demonstrates that the proposed inverter can work well
under load variation with UFD-SPWM modulation.

The THD of the presented inverter under UFD-SPWM as
well as hybrid modulation is measured in Fig. 15. As can be
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Fig. 16.  Experimental waveform of v, when P, = 400 Wand U;,, = 54V
with different modulation methods. (a) UFD-SPWM. (b) Hybrid modulation.

seen, the THD of the proposed inverter adopting UFD-SPWM
is less than 3% and is always below than that under the hybrid
modulation. The reason lies in that only one bridge-leg of the
inverter is under SPWM in hybrid modulation case. That is, the
hybrid modulation is in fact a unipolar SPWM method. It is
clear that the output voltage quality of unipolar SPWM is worse
than that of UFD-SPWM. Furthermore, it also can be found
that the THD under UFD-SPWM is barely affected by the input
voltage and load power. However, when the inverter adopts the
hybrid modulation method, the THD will become worse with
the increase of input voltage under heavy load and high input
voltage. This is because in this case (hybrid modulation), u,;
will be less than u,9, as shown in Fig. 2, which leads to the
overmodulation of SPWM bridge-leg and then results in the
output voltage distortion. However, this situation will not occur
in UFD-SPWM.

Fig. 16 shows the output voltage waveforms when the inverter
at Uy, = 54V and P, = 400 W adopts UFD-SPWM and hy-
brid modulation, respectively. It can be seen that, although the
experimental condition is the same, the output voltage waveform
distorts in the latter case, which also proves the above analysis.

Moreover, to further show the performance of the proposed
inverter, Fig. 17 shows the simulation results under grid- con-
nected mode with UFD-SPWM. As can be seen, in both the
cases of cosy = 1(output current i, is in phase with the grid
voltage u,) and cosp = 0.707 (iy is 45° lagging ug), the
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Fig. 18. Measured efficiency of the proposed inverter and the conventional

two-stage step-up inverter.

proposed inverter can boost the input voltage with high-quality
grid-connected current.

Fig. 18 shows the efficiency curves of the proposed inverter
and the two-stage single-phase step-up inverter. In this two-stage
inverter, the front-end circuit is a conventional buck—boost con-
verter, and the rear-end one is a voltage-fed full-bridge inverter.
It can be seen that the efficiency of the proposed inverter is
apparently higher than that of the two-stage inverter under the
same working conditions. One of the reasons is that the buck—
boost diode is integrated with the two lower switches working
under synchronous rectification mode, which decreases the con-
duction loss of the diode. Another important reason is that the
decoupling capacitor Cy in this proposed inverter is connected
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in series with the input power source, which achieves higher
gain under the same duty cycle D (or modulation ratio M). This
structure is very similar to partial power converter [29]-[30].
Hence, its efficiency can be improved based on the same princi-
ple. Furthermore, it is found that the efficiency of the proposed
inverter increases with Uy, and reaches its maximum 94% when
Uy =54 Vand P, = 320 W.

V. CONCLUSION

To satisfy the performance requirements (i.e., high integra-
tion and high voltage gain, and lower THD) of renewable energy
interface inverter in a single-phase HFAC microgrid, this paper
proposed and analyzed a buck—boost step-up inverter adopting
the UFD-SPWM method. The investigation shows that the pro-
posed inverter has advantages of fewer components over other
single-phase single-stage step-up inverters. In addition, when
UFD-SPWM is adopted, the inverter can attain high-voltage
gain, consequently allowing operation from low dc input volt-
age. More importantly, its control is relatively simple due to the
single control variable M and its THD will be lower and not
be deteriorated by the high input voltage and heavy load, unlike
the hybrid modulation counterpart. It should be noted that the
operation principle and characteristics are analyzed under the
assumption that the load is purely resistive. Hence, the above-
mentioned conclusions can also be suitable for the grid-feeding
applications with unity power factor.

APPENDIX
A. Deducing Process of (3) and (4)

As shown in Fig. 8, based on impulse equivalency, we can
have

-
Udc Aty ), = /
(k-1)T,

(k=5)7; 2U, 1
= / Upm sin(wt)dt = — sin (wTS) sin o},
(k=1)T, w 4

U dt

(A-1)

where At j, is the duration of Stage 1 in the kth switching
period, o), = w(kTy — 2T,).
Since T, /T << 1, we have

1 T T
sin (4wTS) =sin (;T X T> ~ 7;T' (A-2)
Substituting (A-2) into (A-1), we obtain
Uom T M
Aty = noz;C = sin ozA. (A-3)
2Udc

In a similar way, the duration of Stage 3 in the kth switching
period can be obtained as

MT,
Aty ) = 5 sin o (A-4)

where off = w(kTy — 1T3).
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The duration of Stage 2 and Stage 4 in the kth switching
period can be expressed as

T. T.
=5 — Atl_k 5 — At3,k
Aty = 2 : 2 .
T T,
-5 _ > (sina/j, +sina’’;) (A-5)
2 4
T. T.  MT. o
L At,, L MIL gy,
At4,k ) : 3,k + 2 2 5 k+1
T. MT, , . .
=5~ (sina”y +sina’j41). (A-6)

During every switching period in CCM, iy, (¢) increases from
Stage 1 to Stage 3, and descends in Stage 4. The increment of
i11 (t) in first three stages during the kth switching period can
be shown as

Uin MT:, .

Al ycemt = i1 (t) — i (to) = 57 Sin o), (A7)
1
ATy cem2 = in1(t2) — L1 (t1)
Un | Ty MT; | .
-7 |15~ (sina/y + sina”y )} (A-8)
1
- . UinMT' .
ATy cems = in1(t3) — i1 (t2) = Ts sinaj.  (A-9)
1

The increment of 41,1 (t) during the kth switching period is

A]'Ll.r,ccm = AILl.r,ccml + AILI,LC(:mQ + AIL1,1u’,(’,1n3

_ UnTy[2+ M (sina/y, +sina’y)]
o 414 ’

(A-10)

According to (A-6), the drop of 71,1 (t) during the kth switch-
ing period can be obtained as

Uc
— At
T, Atk

_ UcT,[2—-M (sijLa"k + sino/kﬂ)]. (A-11)
1

AILI Jfcem —

Obviously, here (A-10) is (3), while (A-11) is (4).

B. Deducing Process of (8)
Substituting (5) and (6) into (7), we obtain

N/2

TUin UianM . .

ey S S ey sy
k=1
N/2

TU UcTsM . .

= 4L1C — (jLLl Z (sind”’y +sina’y1).  (A-12)

k=1
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By transforming and simplifying, we can obtain

UC - Uln + U

2\2

N/2
E sin o'y, + sina’})

=

2
(sin”y +sina’g41).
1

+ Uc (A-13)

SIS

e
Il

From (A-1) and (A-4), we can have

2

=

(sina’y + sina’y)
1

(%) N-11, sin(3) . (N+1
= sin T sin
sin % 2N sin % 2N

v, -
=
=

7r> (A-14)

N2
. 1 . /
E (sinay +sina'g41)

k=1
 sin(F) sin N+ 17T N sin(%) sin N+37r
~ sing 2N sin & 2N )7
(A-15)

Substituting (A-14) and (A-15) into (A-13), and supposing
N is large enough, we have
M N -1 N +1
Uc = ———F—— Uin Jsi i
C Nsin(%) x{ {sm( N 7r>+sm( ON W)]
)]

4 Uo |si N+1 L N+3
c |sin N m sin N

20
+ U = Uy + —= 77

(A-16)

Obviously, (A-16) is the same with (8).

C. Deducing Process of (12)—(14)

As shown in Fig. 4(b), it is assumed that there are m switching
periods included in the AB section and (N/2-m) switching peri-
ods included in the BC section. During every switching cycle in
the BC section, 71,1 () descends in Stage 5 and equals to zero in
Stage 6. The duration of Stages 5 and 6 are defined as At i and
Atg x, separately, where k € [m + 1, N/2]. The drop of iy, (¢)
during a switching period in the BC section can be expressed as

Uc Ats .
Al BC dem,k = %
1
Uc |1, MT; .
L(; 5~ (e +sinaiin) - Aty
(A-17)

The inverter’s operation process in the AB section is similar
with that in CCM. Therefore, according to (A-11) and (A-17),
the total drop of ir,1 (¢) during the positive half-period in DCM
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Uc =
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Uin + U'“M ZN/Q (sind’y +sinay) +

Uc M ZN/2 (sinay, +sind/j41)

1—

4AT

(A-20)
T

can be expressed as

A L1,dem -

Y

m N / 2

EAILLfAB,dcm,k-l- E Al fBC.dem
k=1 k=m+1

TU:  UcTM M X

AL,

Uc AT
Ly
(A-18)

M\

(sin o’y +sina’y ) —

el
Il
—

where A1 fAB demk 1S the drop of ir,; (¢) during a switching
period in the AB section, AT is the total duration wheniy,; = 0.
Here, (A-18) is (13)

Since AILL,dcm

_ATH
= AILl,ccm’ we can have

AL

1,dem

N/2

TUin UmT M . .
T L el s

k=1

N/2
TUc _ Uch,M (sina”), +sina’j 1) — UcAT
4L1 4L1 il F et Ll

(A-19)

Substituting (A-14) and (A-15) into (A-20), as shown at the
top of this page, we obtain

U M {Uin |:Sln(g) n (N -1 >
C= —IAT — ™
1— A‘ATT N | sin & 2N

sin(Z) <N+ 1 ”
——— sin ™
sin %+ 2N
Uc [sin(F) N+1
Y [sin;; S on T
sin(%) <N+3 ” Um}
—— Sln ™ +
sin %~ 2N M
(Jvill + 2Uﬂr-)m
~ 71 —IAT (A-21)
T
Here, (A-21) is (14).
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