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Direct AC-AC Converter Based on Odd Symmetrical

No-Differential AC Chopper Legs With Unipolar
Modulation Strategy

Dongbo Guo "”, Tianpeng Du, Chuang Liu
Zhongchen Pei

Abstract—This article proposes a single-phase bipolar pulse-
width modulation direct ac—ac converter with unipolar modula-
tion strategy. The converter is composed of two odd symmetrical
two-level no-differential ac chopper legs, which can work in non-
inverting and inverting modes for the utility voltage sag or swell
compensation. The number switches working at high frequency
in each operating mode are minimized thanks to the proposed
unipolar modulation strategy, so the total switching losses can be
effectively reduced in theory, and the efficiency of the converter
is improved. In addition, capacitor symmetry can be realized in
the positive and negative half cycle of the input voltage, and the
converter has no commutation problems. Finally, on the basis
of theoretical analysis, the experimental results under different
working conditions are also provided to verify the correctness of
the theoretical analysis and the superiority of the proposed topology
and modulation strategy.

Index Terms—Bipolar voltage gain, direct ac-ac converter, odd
symmetrical, switching losses, unipolar modulation strategy.

I. INTRODUCTION

ECENTLY, with the popularity of renewable energy
R sources such as wind power and photovoltaics, the voltage
fluctuation in the power grid has been exacerbated [1]. To meet
the requirements of sensitive loads for voltage stability [2], ac—ac
converters are usually used to improve the power quality and
provide a stable ac voltage for the loads. Commonly used ac—ac
converters can be divided into three types: indirect converters
(ac—dc—ac) [3], [4], [5], [6]; matrix converters [7], [8], [9], [10];
and direct ac—ac converters [11], [12], [13]. For the ac—dc—ac
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converter, two-stage power conversion is required, the existence
of the dc link increases the volume and loss of the converter, re-
duces the conversion efficiency, increases the maintenance cost.
For the matrix converter, although the amplitude and frequency
of the voltage can be adjusted at the same time, its circuit struc-
ture is complex, and the transmission efficiency and voltage gain
arerelatively low. The direct PWM ac-ac converter has no dc link
and only needs a single power conversion, so the efficiency and
power density of the converter can be improved, and it has out-
standing advantages when only the voltage amplitude needs to be
adjusted.

The buck, buck-boost, and Cuk converters proposed in the
literature [14], [15], [16] use fewer switching devices and passive
components, which have the advantages of simple structure and
high conversion efficiency. However, due to the use of bidirec-
tional switches, during the commutation process switches may
experience voltage spikes or current spikes, seriously affecting
the reliability of the converter. The switching cell connected in
series by MOSFET and diode [17], [18], [19], which solves the
commutation problem through additional coupling inductors,
but the additional diodes and inductors may increase the loss of
the converter. The biggest defect of the above converter [14],
[15], [16], [17], [18], [19] is that it can only output unipolar
voltage and cannot solve voltage swell and sag at the same
time. Therefore, it is necessary to develop a converter that can
output bipolar voltage [20], [21], [22], [23], [24], [25], [26],
[27], [28], [29], [30]. In [20], [21], and [22], Z-source topology
is adopted to obtain wide-range bipolar voltage gain, but the
converter suffers from commutation problems due to the use of
bidirectional switches [23], [24], [25], [26]. In [20] and [21],
a special commutation strategy was applied, but reliable and
safe commutation could not be achieved. In [22], an resistor-
capacitor-dc-blocking (RCD) absorption circuit was used to sup-
press the voltage spike on the switch, which not only complicates
the circuit structure but also increases the extra loss. In [27] and
[28], the proposed topology adopts fewer active switches and
passive components, which can not only output bipolar voltage
but also has no commutation problem. However, the converter
proposed in [27] and [28] has the problem of the input and
output having no common ground. In addition, the converter
proposed in [27] has an asymmetric bipolar operating mode.
To overcome this, a common-ground and noninverting/inverting
ac—ac converter was proposed in [29], [30]. This converter can
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achieve the common ground between input and output voltages
and has continuous input and output. On this basis, although the
converters proposed in [31] and [32] only realize the input and
output common ground connection under some conditions, it
not only overcomes the commutation problems, but also has one
advantage of realizing the symmetrical bipolar operating mode.
Nevertheless, the converters proposed in [31] and [32] have a
common defect that the modulated signals are all high-frequency
signals. In the working circuit, more switches are working athigh
frequency, which increases the switching loss.

The converter proposed in this article has symmetrical bipo-
lar working mode, which can effectively solve the problem
of voltage sag and swell. In addition, the converter has no
commutation problems, and there is no loss of buffer circuit or
special commutation strategy. The most prominent advantage
of this article is the proposed modulation strategy, which uses
fewer high-frequency modulation signals. Under resistive load,
the converter has only one switch operating at high frequency per
half-wave and there is no dead time. Under inductive load, there
are only two switches operating at high frequency. In addition,
the converter uses only one inductor (Ly), which effectively
reduces stray resistance losses and core losses. All the above
characteristics of the converter are verified on the built 1kW
prototype. The rest of this article is organized as follows. The
description of the proposed topology and PWM modulation
principles are arranged in Section II. Section III investigates the
working process of the proposed converter. Section IV presents
the design considerations of the key components in the converter.
The loss of the converter is calculated theoretically in the Sec-
tion V. The experimental results illustrating the performance of
the converter are presented in Section VI. Finally, Section VII
concludes the article.

II. DESCRIPTION OF THE PROPOSED TOPOLOGY AND PMW
MODULATION PRINCIPLES

A. Topology of the Proposed Converter

The proposed converter consists of two completely odd sym-
metry two-level nondifferential ac chopper legs, which is dif-
ferent from the converter proposed in [29]. However, similar
to the converter mentioned in [29], each ac chopper leg of the
proposed converter is also composed of four fully controlled
switches (such as IGBT) and one absorption capacitor, as shown
in Fig. 1. By adjusting the direction of switches and optimizing
its modulation strategy, the number of switches working at high
frequency in each operating mode is reduced, the switching
loss is reduced theoretically. Another advantage is that input
capacitor Cy, is always connected in parallel with one of the
absorption capacitors C; or Cy in any working mode. Therefore,
capacitor symmetry is achieved.

The converter adopts eight IGBT, among which S; ~S4 can be
selected according to load type and working mode. For resistive
loads, the switches S5 and S5 can employ diodes instead of full
controlled switches when the output voltage of the converter is
in phase with the input source voltage, diodes also can be used to
replace the full controlled switches S; and S4 when the output
voltage of the converter is out of phase with the input source
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Fig. 1. Schematic of the proposed converter.

Fig. 2. Unipolar PWM modulation principles. (a) Modulation signal under
mode 1. (b) Modulation signal under mode 2.

voltage. At this time, there is only one switch working at high
frequency in the positive and negative half cycle of input voltage,
which not only simplifies the converter structure but also does
not exist dead time. For inductive loads, it needs to be replaced
with full controlled switches IGBT.

B. Unipolar Modulation Strategy

The unipolar modulation strategy adopted by the converter
proposed in this article is shown in Fig. 2. The biggest advantage
of this modulation strategy is that it has fewer high-frequency
modulation signals. It can be seen that SF1, SFy, SF3, and SF,
always operates at low frequency, so for IGBT, the requirement
for switching frequency can be ignored to reduce the conduction
voltage drop, thereby reducing the conduction loss.

III. OPERATION OF THE PROPOSE D CONVERTER

According to the gain of the converter output voltage, the
converter has two working modes, one is that the output voltage
and the input voltage are in phase, and the other is that the
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Fig. 3. Modulation signal under mode 1.

output voltage and the input voltage are out of phase. The
relationship between the input voltage and the output voltage
is shown in formula (1). Where Uj, is defined as the amplitude
of the input line frequency ac voltage (50 Hz), Uy is defined
as the amplitude of the output line frequency voltage (50 Hz),
and d is defined as the time interval when switches are turned
on during one switching period. The range of d is from 0 to 1

Uout = :I:d[]m (1)

A. Operation Process in Noninverting Mode

In this mode, take positive half wave of input ac voltage as
an example to analyze the working process of the converter
in detail, the converter has two operating stages, as shown in
Fig. 3. When Uj, > 0, only switches §1 and S5 do pulsewidth
modulation (PWM) high frequency modulation, the switches
SFy, SF,, SF,4 and Sy are in the always on state, and switches S
and SFj3 are in the always off state. Additionally, the direction of
load current i ) marked in Fig. 4(a) is defined as positive direction
in this article, that is, i, is greater than O in this direction.

1) Stage 1 [t1-t2]: During [t1-t2], S; is turned ON, energy of
the input ac power is transferred to the load side through
the circuit composed of switch SF; body diode, Si, Sy
body diode and SF,, the working process of the converter
can be represented in Fig. 4(a). At this time, the inductor
current /7, increases linearly to the maximum value and the
converter is in active mode, the input ac power charges
input capacitor Cj, and capacitor Cj, the voltage and
current relationship as flows

Lf%:f]i__Uout (2)
Lf% = U1 - Uoul

2) Stage 2 [ty-t3]: During [t2-t3], S; is turned OFF and So
body diode forward bias, the inductor current /7, forms a
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Fig. 4. Two effective switching states of noninverting mode under pure resis-
tive load (Uip, > 0, ip > 0). (a) stage 1. (b) Stage 2.

closed loop through the load, S body diode, SF4, SF, and
D5. The energy stored on the inductor is released through
this loop, so the inductor current linearly decreases as
shown in Fig. 3. During this time interval, the converter
is in the freewheeling mode (passive mode), and the input
capacitor Cj, and capacitor C; are discharged, and the
voltage and current relationship as flows

Lf?c[litld »Z I_Uo)ut 3)
Ly~ 01" = ~Uou

Based on formula (2) and (3), the relationship between the
output voltage and the input voltage is shown in formula

Uout =d- Uin. (4)

In order to prove that the proposed converter can realize
bidirectional energy flow, the operation principle of the converter
is analyzed by taking resistive-inductive load as an example.
When Uy, > 0, ip < 0, if S turns ON and S5 turns OFF, the
current will form a closed loop through S; body diode, SF, SF4
body diode, and Sy4, as shown in Fig. 5(a); if S; turns OFF and So
turns ON, current will form a closed loop through Ss, SF2 body
diode, SF, body diode, and S, as shown in Fig. 5(b). When the
power flows forward, the flow path is the same as that under
resistive load, so it will not be described. It should be noted that
the input capacitor C;,, and capacitor C; are always connected in
parallel during the positive half-wave period of input ac voltage,
and two capacitors are charged in first half period of the positive
half-wave and discharged in second half period of the positive
half-wave.
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Fig. 5. Two effective switching states of noninverting mode under resistive-
inductive load (Ui, > 0, ip < 0). (a) stage 1. (b) Stage 2.
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Fig. 6.  Working process diagram of converter in noninverting mode when
input ac voltage is negative half wave. (a) Stage 1 (Uin < 0, ig < 0). (b) Stage 2
(Uin <0, ig < 0). (c) Stage 1(Uin, <0, ig > 0). (d) Stage 2 (Uin < 0,19 > 0).

When input ac voltage is negative half wave, switches S3 and
S, do PWM high-frequency modulation, switches S1, SF;, SF3
and SF, are always on state, So and SF3 are always OFF state, and
input capacitor Cj,, and capacitor Cy are in parallel. Besides, the
converter works similarly in positive and negative half wave of
input ac voltage, which will not be described again in this article.
But the article gives working process diagram of the proposed
converter when input ac voltage is negative half wave, as shown
in Fig. 6.

B. Operation Process in Inverting Mode

In this mode, the converter also has two operating stages
shown Fig. 7, and the output voltage of the converter is out
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Fig. 7. Modulation signal under mode 2.

of phase with the input voltage. Under resistive load, two diodes
can also be used as switches S; and S,. Similar to the analysis
when the converter operates in mode 1, the positive half wave of
the input voltage is still taken as an example for analysis in mode
2. In this mode, only switch So operating at high frequency, the
switches SFy, SFs, SF3, and S35 are always on, and SF,, Sy are
always OFF.

1) Stage 1 [ti-t2]: The switch Sy is on state during this
period, the inductor and load are charged from the source
through SF3, S5 body diode, S2 and SF; body diode. The
capacitor C; is charged, Ucqy = Uiy, and the charging
current /1 flows through the body diodes of SF; and
SF2, and the input capacitor Cj, is also charged, and the
charging current /cj, is shown in the dotted line marked
in Fig. 8(a). The input capacitor Cj,, and capacitor C;
are in parallel during this time interval. The converter
is also in active mode (the energy of input ac power is
transferred to the load side), and the working process is
shown in Fig. 8(a). At this time, the voltage relationship
of the working loop is shown in formula

_Lf% - Uvin +Uout

_Lf (ILM;)EI?S\{ILMin) = Uy + Uoye

(&)

2) Stage 2 [to-t3]: When Sy turns OFF, the energy stored on
the inductor is released, the working process is shown in
Fig. 8(b). The capacitor C; and input capacitor C;,, are
discharged in this time interval, Ucy = Uiy, Ucin = Uin,
and the discharge current /¢, and I¢; of two capacitors
(Cin, C1) are, respectively, marked in Fig. 8(b). The input
capacitor C;,, and capacitor C; are also in parallel during
this time interval. The voltage relationship of the working
loop is shown in formula

Ly Gt = =Uou

n—Lovn : ©)
Ly Upurtes) —
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Fig. 8. Two effective switching states of inverting mode under pure resistive
load (Uin > 0, ip < 0). (a) Stage 1. (b) Stage 2.

Based on formula (5) and formula (6), the relationship be-
tween the output voltage and the input voltage is shown in
formula

Uout =—d- Uin. (7)

Like mode 1, take resistive-inductive load as an example to
analyze the operation process of converter in inverting mode.
When Ui, > 0, ip > 0, if S5 turns ON and S; turns OFFE, the
converter is also in active mode, the energy at power supply side
is transferred to load side through switch SF, and body diodes
of switches S, S5 and SF3, and the working circuit is shown
in Fig. 9(a); If S turns OFF and S turns ON, the converter is in
freewheeling mode. In this mode, the energy of power supply
cannot be transferred to load side, and this energy only charges
input capacitor Cj,, and capacitor C;. The working process of the
converter during this period can be described in Fig. 9(b). The
relationship between voltage-current under resistive-inductive
load is the same as that under pure resistive condition, and will
not be described again.

When U;, < 0, the analysis method is the same as when
Ui, > 0. To avoid repetition, the analysis is no longer carried out.,
and similar to noninverting mode, Fig. 10 shows working process
of the converter when input ac voltage is negative half wave.

It can be seen from the above analysis that no matter under
resistive load or inductive load, the current loop always exists,
so there is no commutation problem in the converter. Moreover,
the converter has the ability to output bipolar voltage, which can
simultaneously address the problem of voltage sag and swell in
the power grid.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 9, SEPTEMBER 2023
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Fig. 9. Two effective switching states of inverting mode under resistive-
inductive load (Ui, > 0, ip > 0). (a) Stage 1. (b) Stage 2.

Fig. 10.  Working process diagram of converter in inverting mode when input
AC voltage is negative half wave. (a) Stage 1 (Ui, < 0, ip > 0). (b) Stage 2
(Uin < 0,19 > 0). (c) Stage 1 (Uin < 0, ip < 0). (d) Stage 2 (Uin < 0, ig < 0).

IV. DESIGN CONSIDERATIONS OF KEY COMPONENTS OF
CONVERTER

Based on the above analysis, the selection guidelines of the
proposed converter’s key parameters are provided using a scale-
down case study in following procedure.

The known parameters: input ac voltage Ui, is [100-220]
Vrms (50 Hz), and converter output voltage gain range is [—1,
1], and maximum output ac voltage is 150 Vrms, and the rated
power of the converter prototype is 1 kW. Additionally, assuming
that allowable current and voltage ripples k; < 20% of i, and k,,
< 10% of Ugyy (or Uiy ), and the minimum conversion efficiency
of the proposed converter is 80%.
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A. Selection of Power Switches

The two important bases for selecting the power switches are
the maximum current through the switches and the maximum
voltage stress. In proposed converter, the maximum voltage
stress borne by the power switches is equal to the peak voltage
of the input ac voltage, that is, Ujp peax = 311V. The maximum
current stress of power switches is given by the following
equation:

Py 1000
Uin.minnmin B 100 x 0.8

Combined with the existing devices in the laboratory, the
switches adopted in proposed converter is finally selected as
an IKW75N60T IGBT. Although higher switching frequency
can effectively decrease volume of output filter, it can be seen
from formula (25) that switching frequency is proportional
to converter loss. At the same time, based on the reference
IKW75N60T date sheet, the frequency of power switch tube
is selected as 10 kHz.

=12504  (8)

Imax.str. =

B. Design of Output Filter Inductors

Under the two operating modes, the output filter inductor has
only two working states in each switching cycle: active state
and freewheeling state (passive state). In order to ensure that
the converter always works in CCM (current continuous mode),
it is necessary to ensure the /7,,;, > 0 under the freewheeling
state. According to the principle of conservation, the minimum
energy W, min released by the inductor in the freewheeling state
is equal to the energy Wioad.max consumed by the load

1 2
WL.min = §Lmin(IL.max - ]L.min)

2
1 U,
— 3 L (i ) SN
U 1
Wioad max = Z::]: (1 - dmin) " Fs

In order to ensure that the current of converter is continuous
in the continuous current state, formula (9) needs to meet the
following relationship:

WL.min Z I/Vload.max- (10)

The simultaneous formula (9) and (10) can get the formula

2

Loin > —2Zmax (1 _ €

k,2 ' Zmin f S

The minimum value of output filter inductance is 0.369 mH by

bringing specific parameters into (11). Considering the existing

inductance in the laboratory and saturation characteristics of

inductance, the inductance with the inductive value of 0.5 mH
is finally selected.

drnin) : (1 1)

C. Design of Capacitors

1) Design of the Output Filter Capacitor: In order to ensure
the quality of the output waveforms, an output filter capacitor
is designed to limit voltage ripple. In a switching cycle, when
the converter works in the freewheeling state, the filter capacitor
Cy discharges and the discharge current of the filter capacitor is
equal to the load current. To ensure that the output voltage ripple
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does not exceed the specified value, the output filter capacitor
shall meet the formula (12) based on maximum voltage ripple
ky

O > iOmax (1 - dmax)
I= kufonut

In the above formula, i0max is the maximum current of the
load, and the value is 7.5 A; dpax 1S the maximum duty cycle,
which is 0.85 in this system. The specific parameter value is
brought into formula (12) for calculation. Through calculation,
the output filter capacitor value is 7.5 uF, so the CFR box ac-
Filter with capacitance value of 10 pF and withstand voltage of
400 Vac is finally selected.

2) Design of Input Capacitor Ci, and Absorption Capacitor
C;, Co: From analysis of the operation process of the converter
in Section III, it can be seen that whether the converter works
in the noninverting mode or inverting mode, the connection
relationship between the input capacitor Cy;, and the absorption
capacitors Cq and Cs is either the input capacitor C;,, and the
absorption capacitors C; in parallel or the input capacitor Cj,, and
the absorption capacitors Cq in parallel. In order to ensure that
the two parallel capacitors have better current-sharing character-
istics, the input and absorption capacitors are designed with the
same capacitance value, that is, C;, = C; = C = C. Similar to
formula (12), formula (13) is obtained on the basis of considering
the requirements of input voltage ripple

12)

20 > %in.max (1 - d)

ku f S Uin
Although the larger the capacitance of the input capacitor,
the smaller the total distortion rate of the input current, the
capacitance value cannot be too large, otherwise the power factor
at the input side will be small. Therefore, in order to meet the
requirements of input power factor, the capacitance also needs
to meet the formula

8C Uiy

T < - /1 — cos 2.
ILF

In formula (14), T r represents the period of line frequency
input ac voltage, and cos ¢ represents the input power factor.

In this system, set the input power factor as 0.95 and the input
ac voltage frequency as 50 Hz, and bring the parameters into
formulas (13) and (14) to obtain the capacitance range of 15.625—
44.318 pF. Combined with the existing experimental devices in
the laboratory, the input capacitor and absorption capacitor are
finally selected as the ac thin film capacitor with a capacitance
of 20 uF.

Based on the above analysis, the electrical specifications of
the prototype converter are given in Table 1.

13)

(14)

V. CONVERTER LOSS THEORETICAL ANALYSIS

The converter power loss mainly includes IGBT loss and
stray resistance loss. IGBT loss includes conduction loss and
switching loss. Based on the IGBT datasheet, the function
relation between power loss and junction temperature, voltage,
current, and other parameters are obtained by the numerical
fitting method, and then IGBT loss is analyzed and calculated.
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TABLE I
EXPERIMENTAL PARAMETERS

Parameters Values

Input voltage U, [120-220 Vrms]/50 Hz

Output power Po 1kW
Output voltage U, 150 Vrms
Switching frequency fs 10 kHz
Inductance L, 0.5mH
Output capacitor Cr 10 uF
Capacitors C;,, Cy, Cy 20 puF

Output load {R, R&L} {20Q,20 Q and 25 m}

A. Theoretical Calculation of Conduction Loss

The conduction loss can be calculated according to the for-
mula
1 /T
Ps = —/ Veplcdt. (15)
T Jo
After linear fitting of IGBT output characteristic curve, the

relationship between on-state voltage drop (V) and collector
current (/) can be expressed as follows:

Vere = Vego + IcRcE. (16)

Where Voo is the threshold voltage of IGBT after linear
fitting, R is the forward ON-resistance of IGBT after linear
fitting. These two fitting parameters are affected by temperature
change, which can be expressed as follows:

Vero = Vero_2s-c + Ky (T —25°C)
Rcr = Rep_2sec + Kr(T; —25°C)

where Ky and Ky are the junction temperature coefficients of
ON-resistance and threshold voltage, respectively, and T'; rep-
resents the actual junction temperature. Based on the formulas
(15)—(17), The conduction loss can be expressed as follows:

(18)

where I,y represents the average value of collector current
and / o5 represents the effective value of collector current. The
calculation process of diode conduction loss is similar to that of
IGBT, and its conduction loss can be expressed as the formula
(19). The total conduction loss is shown in formula (20)

a7

Ps = Vepolcas + RoplEms

PF = VFOIFavg + RFII%‘rms
Py = Pp + Ps.

19)
(20)

B. Theoretical Calculation of Switching Loss

The IGBT switching process is affected by many factors, such
as gate resistor and junction temperature. The switching loss
provided in the datasheet is tested under rated conditions, so
it can not be used directly. It should be corrected according to
the actual working conditions. The energy loss of IGBT in one
switching cycle is shown in formula

B =Ej, ;. -Kr, - Kpg - Kvp.

ts_ic

2

The E; includes IGBT switching loss and diode reverse
recovery loss, and E*;s_;. is the corresponding energy loss

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 9, SEPTEMBER 2023

Fig. 11.  Switching energy loss as a function of collector current (Vgg =
0/15V, Ty =175°C,Rg =52, and Vo =400 V).

under different collector current. The values of junction temper-
ature influence coefficient (K1), voltage influence coefficient
(Kveg), and grid resistance influence coefficient (Krg) are
shown in formula

v real N -
Koy = (Yg2et) 7 er
Kr, = (1 = Ny (T _ret — Ty _rear)] (22)

RG real \NTT_R
Kpo = (F=) "

where Tj_rof, VoE_rets and Ra_yef are junction temperature,
collector-emitter voltage, and gate resistor under test conditions
respectively; the Tj_real, VOE_real, and Rg_yeal are junction
temperature, collector emitter voltage, and gate resistor in the
actual circuit respectively.

The values of Nrj, Np_vycg, and Npy_re are obtained by
numerical fitting the Ey-T}, E4s-V g, and E4s-R ¢ curves in the
datasheet, respectively. Assuming that the switching frequency
is fs, the switching loss power can be expressed as follows:

Ps= f E* < VCEireal ) NTT’VCE (RGreal ) NTT’RG
ts— Js*® s 1 T ‘NS .
fote VCE_ref RG_ref
(L= Ng, (T ey = Ty)]
Similarly, the turn-ON loss is shown in formula

Nt v, Nrr_r
- % Vo E _real “eBon ( RG real -t
PON_fs'E‘onJC :
Vo ret R et

(23)

: [1 - NTJ (TJ_ref_on - TJ)]

The turn-OFF loss is shown in formula (22)

Nrr_v, Nt Ry off
Porr=f * VoE rea Yepefs [ R real e
OFF — Js Looff i. \ 7, B
- VCEiref RGﬁref

(24)

. [1 - NTJ (TJ_ref_off - TJ)]

Fig. 11 shows the switching loss corresponding to differ-
ent collector currents under rated conditions provided in the
datasheet. The Eon includes turn-on loss and diode reverse
recovery loss, Eoff is the turn-OFF loss, and Etsx is the total
switching loss.

(25)
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TABLE II
PARAMETERS FOR LOSS ANALYSIS

Parameter Value
IGBT IKW75N60T
S 10 kHz
Vero_asecs Ree_asec (Ic<15A) 0.6V, 20 mQ
Vego_asec, Ree_asec Ic>15A) 0.75 V.8 mQ
Kyr, Kr -0.001, 0.05
Vro_2s5°c, Ri_zsec (Ic<15A) 0.65V, 22 mQ

400V, 5 Q, 75 °C
1.6, 0.46, 0.00162

Vee_rets Ro_reps Ti_ref
Nr1_yce, Ntv_rGs N1y

2.5 mQ
140 mQ

ESR of capacitor Cy
Parasitic resistances of L,

0.48%

27.4%

58.31% 12.78%

Fig. 12

Fig. 12.  Loss distribution of the proposed converter.

C. Converter Power Loss Distribution

In order to determine the various losses of the proposed
converter, the parameters for loss analysis are given in Table II.
The operating conditions assume that U;;, = 200 Vrms, Uy, =
150 Vrms, P, = 1000 W, f; = 10 kHz, and T; = 75 °C. PSIM
software can be used to measure the collector-emitter voltage
(Veg) and the collector current (I ) of the switch, and then the
conduction loss can be calculated through formulas (15)—(20).
Combining formula (23), Table IT and Fig. 11, the switching loss
can be calculated.

The loss distribution of the proposed converter is presented
in Fig. 12. It can be seen that approximately 59% of the power
loss comes from conduction loss, this is because IGBTs have
fixed threshold voltage (Vo) and most of the switches in the
working loop are always on.

VI. ANALYSIS OF EXPERIMENTAL RESULTS
A. Prototype

To validate the rationality of the proposed converter, a 1 kW
prototype is built for testing based on theoretical analysis and
simulation verification, shown in Fig. 13. The prototype was
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Fig. 13.

Photograph of experimental prototype.

tested in two working modes, including resistive load and
resistive-inductive load. The specific experimental parameters
are given in Table I.

B. Experimental Results of Converter Under Different
Working Conditions

Fig. 14 shows the results of the converter under operating
noninverting mode when the load is pure resistive load, the input
voltage is 200 Vrms, and the output voltage is 150 Vrms. The
partial signal waveforms of the switches are shown in Fig. 14(a).
It can be seen that only one switch operates at high frequency.
Fig. 14(b) shows the waveforms of input voltage, output voltage
and output current, which are highly sinusoidal, and there is
almost no phase shift between the output voltage and the output
current. Fig. 14(c) shows the high-frequency voltage before
filtering (U ) and the output filter inductor current (/). It can
be seen from the partial enlarged detail that there are two change
processes in the inductor current. When S turns ON, the inductor
and load are charged from the source, and the voltage before
filtering (U 4p) is equal to the input voltage (U,,,). When S; turns
off, the inductor will be freewheeling, and the voltage before
filtering (U 4;) is approximately equal to zero. The experimental
results are consistent with theoretical analysis.

Fig. 15 shows the results waveforms of the converter under
operating mode 1 when the load is resistive-inductive load.
Fig. 15(a) shows the switches signal waveforms. To prevent the
short circuit of the bridge arm, the dead time of the 2 us is set
between S; and S». Fig. 15(b) shows the waveforms of input volt-
age, output voltage, and output current under resistive-inductive
loads condition. It can be seen that there is an obvious phase
offset between the output voltage (U,y) and the output current
(ip), which verifies that the converter can realize bidirectional
power flow.

Fig. 16 shows the results waveforms of the converter under
operating inverting mode when the load is pure resistive load.
Fig. 16(a) shows the waveforms of input voltage (U, ), output
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Fig. 14. Experimental waveformss of model under resistive load (Ui, =

200 Vrms, Ugyy = 150 Vrms, and R = 20 €2).

voltage (Uyyt), output filter inductor current (/1,), and output
current (ip). As can be seen from Fig. 16(a), U, and U, are
out of phase, that is, their phases are 180° different from each
other. I}, is always higher than zero, so the converter operates
in CCM. Similar to mode 1, the inductor current (/;,) also has
two changes processes in inverting mode. The voltage across
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Fig. 15. Experimental waveformss of noninverting mode under resistive-

inductive load (Ujy, = 200 Vrms, Ugyt = 150 Vrms, R = 20 , and L =
25 mH).

the switches S; and Sy and the input voltage are presented in
Fig. 16(b). It can be seen that the peak voltage stress on switches
S7 and S5 is equal to the input voltage.

Fig. 17 shows the waveforms of the converter under operating
inverting mode when the load is resistive-inductive. Fig. 17(a)
shows the waveforms of input voltage (Uj,), output voltage
(Uout), and output current (ip). From Fig. 17(b), it appears that
the peak voltage stress on capacitors Cy and Co is equal to the
input voltage, so there is no overvoltage problem. In addition, it
can be seen that in the positive half cycle of the input voltage, the
input capacitor Cj, is connected in parallel with the absorption
capacitor C1, and in the negative half cycle, the input capacitor
Ciy, is connected in parallel with the absorption capacitor Co,
capacitance symmetry is realized in each working process.

Fig. 18 shows the waveform of the experimental results when
the converter output voltage is changed dynamically. It can be
seen that the waveforms quality of the converter is good, which
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Fig. 16.  Experimental waveformss of inverting mode under resistive load (Ui,
=200 Vrms, Uyyty = 150 Vrms, and R = 20 §2).

verifies that the converter has good dynamic performance and
the converter has the ability to output bipolar voltage.

FLUKER MORMA 5000 POWER ANALYZER is used to
analyze the efficiency of the converter under two working
modes. The efficiency curve of the converter under different
input voltages is shown in Fig. 19. The input voltage ranges
from 80 to 180 Vrms, and the load includes pure resistive and
resistive-inductive.

Under pure resistive load, the peak efficiency of the converter
is 97.47%. Under resistive-inductive load, the peak efficiency of
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Fig. 17. Experimental waveformss of noninverting mode under resistive-
inductive load (Ui, = 200 Vrms, Uyt = 150 Vrms, R = 20 2, L = 25 m).

Uc:[200V/div]

U, [100V/div]

L U,u[100V/div]

Experimental waveforms of the converter switching between nonin-
verting mode and inverting mode.

Fig. 18.

the converter is 96.36%. Consistent with the theoretical analysis,
the efficiency of the proposed converter is significantly improved
due to the reduction of the number of high-frequency operating
switches.
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Fig. 19. Efficiency of the converter under two working modes. (a) Actual
measured efficiency curve of converter. (b) Theoretical calculated and actual
measured efficiency of converter.

U,.{100V/div) i,(10A/div)

Fig. 20.  Experimental results of loads change.

C. Transient Experimental Results of Proposed Converter

Fig. 20 shows experimental results of the converter when
load changes from infinity to 20 2. At red dotted line mark
in Fig. 20, load changes transiently, the output voltage U, of
converter does not change significantly, and output current i,
changes rapidly from O to 7.5 A, indicating that converter has
good transient response capability.
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Fig. 21. Experiment results of the start-up precharge of the capacitors.
(a) Noninverting mode. (b) Inverting mode.
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Fig. 22.  Experimental results of the converter during grid voltage dip in the
noninverting mode.
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Fig. 23.  Experimental results of the converter during grid voltage dip in the
inverting mode.

From Fig. 21, it can be seen that the voltages of capacitors
C1 and C5 always follow the input ac voltage. When the input
ac voltage gradually increases from 0 to the peak value in
the positive half wave, the capacitor C; voltage also gradually
increases from 0 to the peak value, and capacitor Cy voltage is 0;
When the input ac voltage gradually increases from O to the peak
in the negative half wave, the capacitor Cs voltage also increases
from O to the peak at the negative half wave, and capacitor Cy
voltage is 0.

Fig. 22 shows the experimental results of the converter during
grid voltage dip in the noninverting mode. From the experimental
results, it can be seen that the converter can still operate normally
when the voltage dip, and there are no abnormal conditions
such as overvoltage or overcurrent. The inductance current iz
and voltage before output filtering Uy are still consistent with
theoretical analysis.

From the experimental results shown in Fig. 23, it can be seen
that the converter in the inverting mode can still operate normally
when the grid voltage dip, and the converter has a good response
to follow the grid voltage.

Fig. 24 shows the experimental results of the step change of
pure resistive load. The load step changes from heavy load to
lightload at the dashed line in Fig. 5. During this process, the out-
put current i0 decreases, while the output voltage Uout, capacitor
voltage UCI, UC2, and switch S/ voltage stress US/] remain
unchanged. Therefore, the experimental results can prove that
the converter can work stably when the pure resistive load step
change.
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Fig. 24.  Experimental results of the converter under pure resistive load step
change in noninverting mode.

Fig. 25 shows the experimental results of the step change of
resistive-inductive load. The load step changes from resistive-
inductive load to pure resistive load at the dashed line in Fig. 6.
From the experimental results, it can also be seen that when
the resistive-inductive loads are dynamically step changed, the
converter can also work stably.

From the experimental results in Fig. 26, it can be seen that
the converter in inverting mode can operate stably when the
resistive-inductive load step change.

D. The Proposed Converter Is Used for Dynamic Voltage
Regulation

In order to understand the experimental conditions, the system
equivalent wiring diagram of converter during voltage sag and
swell test is shown in Fig. 27(a). Usource represents the source
side voltage, Uy, 1s converter output voltage, and Ujgaq rep-
resents load voltage, in Fig. 27(a). Because the proposed direct
ac—ac converter only changes the amplitude of ac voltage, the re-
lationship between the three voltages (Usource> Uout, and Ulpad)
in the system meets (26). Therefore, the proposed converter is
very suitable for protecting voltage stability of sensitive loads,
such as it can apply to dynamic voltage restorer (DVR) [33].
It should be noted that the standard voltage (or rated voltage)
is defined as 110 Vrms due to the limitation of laboratory
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equipment, the experimental results of voltage sag and swell
are obtained under this condition

Uload = Usource + Uout- (26)

Fig. 27(b)—(d) show experimental results of converter under
source voltage transient conditions. From experimental results,
it can be seen that converter is able to produce desired output
voltage U, regardless of voltage sag or voltage swell at the
source side, so as to realize the compensation of the load side
voltage and make the load always operate at the rated voltage
conditions. Additionally, the experimental results show that
the dynamic response of converter is fast, and phase-locked
loop (PLL) is not needed in the experimental process. These
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Fig. 27. Experimental result of converter under source voltage transient

conditions. (a) System equivalent wiring diagram. (b) Source voltage sag.
(c) Source voltage swell. (d) Source voltage sag and swell simultaneously.

characteristics of the proposed converter make it very suitable for
ac voltage regulation field, especially in the application scenario
where only the amplitude of ac voltage needs to be adjusted.
The experimental result in Fig. 28 is obtained under the
condition that grid voltage with harmonics and load is resistive-
inductive load. Comparing the experimental results in Figs. 28
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Fig. 28.  Experimental results of grid voltage with harmonics.

and 27, it can be seen that the output voltage waveform quality
will also deteriorate when the input voltage waveform quality
of the converter becomes poor, which is consistent with the
characteristics that the proposed direct ac—ac converter only
changes ac voltage amplitude. Furthermore, it can be seen from
experimental results that the load current waveform quality is
less affected by grid voltage with harmonics.

VII. CONCLUSION

This article presents a single-phase reliable bipolar direct
ac—ac converter consisting of two ac chopper legs with odd
symmetry and a unipolar modulation strategy. The converter has
the ability to output bipolar voltage gain, which makes it very
suitable for addressing the problem of power grid voltage swell
and sag. The converter has high reliability due to it overcomes
the commutation problems. Thanks to the unipolar modula-
tion strategy, the number switches working at high frequency
in each operating mode are optimized, so the total switching
losses can be effectively reduced in theory. Moreover, capacitor
symmetry can be realized in the positive and negative half cycle
of the input voltage. A detailed theoretical analysis including
converters working process, design consideration and power
losses calculation has been given, and validated by experimental
results.
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