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Abstract—This paper presents novel single-phase pulse width
modulation (PWM) ac–ac converters that can solve the commuta-
tion problem in single-phase direct PWM ac–ac converters without
sensing the input voltage polarity. By using a basic switching cell
structure and coupled inductors, the proposed ac–ac converters
can be short- and open-circuited without damaging the switching
devices. Neither lossy RC snubber nor dedicated soft commuta-
tion strategy is required in the proposed converter. By replacing
the conventional phase-leg of the PWM ac–ac converters with the
switching cell structure and the coupled inductor, three novel buck,
boost, and buck-boost type PWM ac–ac converters are developed.
Although two coupled inductors are required for the proposed
converter, the input inductor of the proposed converter can be
much smaller than that of the conventional PWM ac–ac convert-
ers. The volume of the magnetic components can be further re-
duced by increasing switching frequency of the converter because
very fast recovery diodes can be selected externally. In order to
verify performance and robustness of the proposed converter, a
200-W boost type prototype converter was built and tested with
both mismatched gate signals and highly distorted input voltage.

Index Terms—AC–AC converter, commutation problem, cou-
pled inductor, pulse width modulation (PWM), switching cell.

I. INTRODUCTION

FOR AC–AC power conversion, the conventional approach
is to use a diode or PWM rectifier followed by a PWM

voltage-source inverter with a DC link. Other approaches in-
clude phase-controlled ac–ac converters employing thyristors,
matrix converters, and so on. The output voltage and frequency
can be varied with these structures. However, for applications
where only voltage regulation is required, direct PWM ac–ac
converters are a more practical choice in terms of cost and size
[1]. Fig. 1 shows the basic single-phase direct PWM ac–ac con-
verters or ac–ac choppers [2].
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The ac–ac circuits shown in Fig. 1 have a common commuta-
tion problem. For example, for the buck-type converter shown
in Fig. 1(a), the switches S2 and S3 are both turned ON and OFF
simultaneously, and they are complementary to the switches S1
and S4 in an ideal case. However, due to the different time de-
lays and limited switching speed of the switching devices, there
inherently exists a short dead-time or an overlap-time between
switches. During the dead-time, there is no current path for the
output filter inductor (Lo ), so the switches may be damaged
by excessive voltage. Similarly, the switches may be damaged
by excessive current when there is an overlap-time between
switches S1 and S2 (or S3 and S4), because the input voltage
will be short-circuited. Fig. 2 illustrates this problem.

In order to solve this, bulky and lossy RC snubber circuits are
required to protect the switches. A better way is to implement
safe commutation strategies that provide smooth current transi-
tion. Several soft commutation strategies have been introduced
and employed successfully in the circuits shown in Fig. 1 [2].
However, most of them solve the commutation problem by sens-
ing the voltage or current polarity of the converter. When the
voltage or current is distorted significantly, especially around
the zero crossing point, the conventional methods still cannot
provide completely safe and reliable commutation.

In this paper, very robust single-phase PWM ac–ac convert-
ers without the commutation problem are introduced. The pro-
posed converters use basic switching cell structure and coupled
inductors to implement phase legs of the converter. With this
structure, the proposed converters can tolerate both dead-time
and overlap-time without damaging switching devices. In addi-
tion, the proposed converters do not need to sense the voltage
or current polarity for commutation. Therefore, highly robust
and reliable PWM ac–ac converters can be developed. A 200-W
prototype ac–ac converter was built and tested to verify the
performance of the proposed idea.

II. SWITCHING-CELL STRUCTURE AND THE PROPOSED

SINGLE-PHASE PWM AC–AC CONVERTERS

The switching cell structures have been introduced in several
previous studies, and the two basic switching cells are shown
in Fig. 3 [3]–[20]. These switching cells are commonly called
P-cell and N-cell. Each cell is composed of one switching device
and one diode connected in series. The center terminal between
the switching device and the diode is generally connected to a
current source or inductor [3]–[5].
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Fig. 1. Conventional single-phase direct PWM ac–ac converters and ideal
gate signals. (a) Buck type. (b) Boost type. (c) Buck-boost type. (d) Gate signals
(ideal).

Fig. 4 compares phase-leg implementations. When compared
with the conventional phase-leg, the switching cell structure is
slightly different. Since a current source or inductor is generally
connected to the common junction of the switching cell, this
structure can avoid the shoot-through problem caused by issues
such as mis-triggering of the gate signals. Thus, a highly reliable
and robust converter system can be designed. Furthermore, very
fast recovery diodes can be selected for the diodes DT and

Fig. 2. Commutation problem in conventional PWM ac–ac converters.

Fig. 3. Basic switching cell [3]–[5].
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Fig. 4. Phase-leg implementation [3]–[5].

DB because they are selected externally, which leads to high
frequency operation of converter system. As a result, the size of
the magnetic components can be reduced significantly [13].

Fig. 5 shows the proposed single-phase buck, boost, and buck-
boost type PWM ac–ac converters. Compared with the conven-
tional PWM ac–ac converters shown in Fig. 1, the proposed
converters use the basic switching cell structure shown in Fig. 4
to form a phase-leg.

The top leg consists of two switches (S1 ,S2), two diodes
(D1 ,D2), a coupled inductor (CL1), and a capacitor (C1). The
same symmetric structure can be made for the bottom leg. The
two capacitors C1 and C2 are added across each phase-leg to
provide a current path when S1 and S2 (or S3 and S4) are
both turned OFF. These capacitors serve as the input or output
filter capacitors. Moreover, they also serve as a simple snubber
capacitor that can further suppress the switch voltage overshoot
caused by the stray inductances of the circuit. In this paper, the
boost type ac–ac converter is considered, although the buck and
buck-boost type can be analyzed similarly.

Fig. 6 shows the modulation scheme of the proposed ac–ac
converters. The two 180° out of phase triangular waves (vtri.1
and vtri.2) are compared with a reference voltage (vref ) to gen-
erate PWM gate signals. Note that S2 and S3 take the inverse of
the signals generated by vtri.2 and vref .

III. OPERATION OF THE PROPOSED AC–AC CONVERTERS

Fig. 7 shows the operation of the proposed converter with cur-
rent flowing between the switch legs and the coupled inductors.
The positive half cycle of the input voltage is only considered,
but the negative half cycle can be analyzed in the same manner.
Due to the symmetric structure between the top and bottom leg,
the midpoint between the top and bottom leg is defined as a
ground potential in this paper and the connection terminals of
each coupled inductor are labeled as “A” and “B” (see Fig. 7).

Fig. 8 shows the key operational waveforms of the proposed
converter when D < 0.5. From Fig. 8, the converter can be
described as having four continuous conduction modes and a
three-level unipolar voltage (vC1 ,vC1 /2, 0 for the top-leg and
vC2 , vC2 /2, 0 for the bottom-leg) is generated at points “A”
and “B” depending on the duty cycle of the converter during one
fundamental frequency (60 Hz), respectively (see Fig. 10).

Fig. 9 shows the current ripple analysis of the input inductor
and the coupled inductors. As illustrated in Fig. 9, there are
two distinct current components: the common-mode (or circu-
lating) current (icm1 and icm2) and the input inductor current

Fig. 5. Proposed single-phase PWM ac–ac converters. (a) Switching cell with
coupled inductor. (b) Buck type. (c) Boost type. (d) Buck-boost type.
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Fig. 6. Gate signal generation of the proposed ac–ac converters.

(iL in ). The common-mode currents are the average of the wind-
ing currents (iL1 − iL4 ), and the input inductor current is the
difference between the winding currents [7]. Thus, the following
relationships always apply regardless of the operation modes:

icm1 =
iL1 + iL2

2
(1)

icm2 =
iL3 + iL4

2
(2)

iL in = iL2 − iL1 = iL4 − iL3 (3)

vo = vC1 − vC2 . (4)

In the analysis, the two coupled inductors are assumed to be
identical to each other and the coupling coefficient is assumed
to be close to unity (tight coupling). The following is a detailed
mode analysis of the proposed converter. As shown in Fig. 8,
D is defined as the time interval when S2 and S3 are on during
one switching period Ts .

A. Mode 1 [0 ∼ DTs]

In this mode, the switches S1 − S4 are all turned ON, and the
diodes D1 − D4 are all turned OFF. The input energy is stored
in the Lin . The voltage and current relationships are as follows:

vA =
vC1

2
, vB =

vC2

2
(5)

vAB = vA − vB =
(vC1

2
− vC2

2

)
=

vo

2
(6)

vL in = vin − vAB = vin − vo

2
(7)

diL in

dt
=

vL i n

Lin
=

vin − vo/2
Lin

(8)

dicm1

dt
=

vC1

4Ls
(9)

dicm2

dt
=

vC2

4Ls
(10)

where Ls is self-inductance of the coupled inductor.

B. Mode 2 [DTs ∼ 0.5Ts]

The switches S2 and S3 are turned OFF, while S1 and S4
remain ON. The diodes D1 and D4 are turned ON due to free-
wheeling action and D2 and D3 remain OFF. The stored en-

Fig. 7. Operational modes of the proposed converter (D < 0.5). (a) Mode 1.
(b) Mode 2 and 4. (c) Mode 3.

ergy in the Lin is transferred to the output through D1 and S4 .
The voltage and current relationships are as follows:

vA = vC1 , vB = vC2 (11)

vAB = vA − vB = vC1 − vC2 = vo (12)
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Fig. 8. Key operational waveforms of the proposed single-phase PWM boost
ac–ac converter when D < 0.5.

vL in = vin − vAB = vin − vo (13)

diL in

dt
=

vL i n

Lin
=

vin − vo

Lin
(14)

dicm1

dt
=

dicm2

dt
= 0. (15)

C. Mode 3 [0.5Ts ∼ (0.5 + D)Ts]

Mode 3 is similar to mode 1, except that the switches S1 − S4
are all turned OFF, and D1 − D4 are all turned ON. Again, the
input energy is stored in the Lin . The voltages vA , vB , vAB , and
vL in are the same as in mode 1. The common mode currents are
as follows:

dicm1

dt
= − vC1

4Ls
(16)

Fig. 9. Common mode and input inductor current.

dicm2

dt
= − vC2

4Ls
. (17)

D. Mode 4 [(0.5 + D)Ts ∼ Ts]

The operation of mode 4 is exactly the same as that
of mode 2.

A similar analysis can be conducted when D > 0.5. The only
difference is that vA and vB become zero instead of vC1 and
vC2 during modes 2 and 4. Thus, all the inductor voltage and
current waveforms are changed accordingly. Fig. 10 illustrates
this.

From the volt-sec (or flux) balance condition on the Lin ,
voltage gain of the proposed boost type ac–ac converter can be
calculated as

vo

vin
=

1
1 − D

. (18)

From (18), voltage gain of the proposed boost type ac–ac
converter is exactly the same as those of the conventional boost
DC-DC converter and the boost type PWM ac–ac converter.

IV. RIPPLE CURRENT ANALYSIS OF THE COUPLED INDUCTOR

AND INPUT INDUCTOR

In this section, the current ripple of the input inductor and the
two coupled inductors are investigated. From the input inductor
current (iL in ) waveform in Fig. 8, one can notice that Lin in the
proposed converter can be made much smaller than the input
inductor in the conventional boost type ac–ac converter shown in
Fig. 1(b) because the Lin in the proposed converter experiences
twice the switching frequency and less voltage is applied across
the Lin . From (1)–(3), the currents in the coupled inductor can
be calculated if the common mode and the input inductor current
are known.
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Fig. 10. Comparison of key waveforms. (a) D < 0.5. (b) D > 0.5.

Fig. 11. Effect of switch turn-on and turn-off delays on the common-mode dc current component. (a) When D < 0.5. (b) When D > 0.5.
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Fig. 12. Comparison of input inductance value.

A. Input Inductor Design

The current ripple in the Lin can be calculated from (8) and
(18) as follows:

ΔiL in =
(0.5 − D)D

Lin
voTs. (19)

Thus, the maximum current ripple in the Lin occurs when
D = 0.25 with vo = vo. max . In (19), Ts is the switching period
of the converter (Ts = 1/fsw ).

B. Coupled Inductor Design

As mentioned in Section III, the coupled inductors are as-
sumed to have perfect coupling. From (9) and (10), the current
ripple of the common mode currents are calculated as

Δicm1 =
vC1

4Ls
DTs (20)

Δicm2 =
vC2

4Ls
DTs. (21)

From (1)–(3) and Fig. 9, the winding currents of the coupled
inductors can be rewritten as

iL1 = icm1 −
iL i n

2
(22)

iL2 = icm1 +
iL i n

2
(23)

iL3 = icm2 −
iL i n

2
(24)

iL4 = icm2 +
iL i n

2
. (25)

From (19)–(25), the current ripple equations of the coupled
inductors can be derived in each mode, and the maximum wind-
ing current ripple occurs when either vC1 or vC2 is zero, which
are expressed as

ΔiLx . m a x =
(

1
Ls

+
1 − 2D

Lin

)
vo

4
DTs, x = 1, 2, 3, 4. (26)

TABLE I
ELECTRICAL SPECIFICATIONS

Input voltage range 110–220 Vrms/60 Hz
Output voltage 220 Vrms/60 Hz
Output power 200 W
Switching frequency 50 kHz
MOSFET (S1 − S4 ) 47N60CFD
Diode (D1 − D4 ) RHRG3060
C in , C1 , C2 2.2 μF
Input inductor (L in ) Core PQ2620

No. of turns 21 T
Inductance 100 μH

Coupled inductors (C L1 , C L2 ) Core PQ3230
No. of turns 37 T
Self inductance (Ls ) 200 μH

From (26), current ripple of the coupled inductors can be
reduced with large Ls . However, the coupled inductors should
have an airgap in the core due to the switching cell structure.
The existence of the airgap will reduce Ls . In addition to this, it
should be noted that the switch turn-off and turn-on delays have
effect on the common-mode dc current component (icm1 ,icm2)
and finally on the saturation of the coupled inductor. Fig. 11
shows the effect of switch delay on the icm1 . As shown in
Fig. 11(a), switch turn-off delay will produce positive voltage
drop across the coupled inductor (vC L1 , see the label in Fig. 9)
and set up the dc offset (i.e., increases icm1) and leads to core
saturation, whereas switch turn-on delay will produce negative
voltage drop across the coupled inductor (vC L1 ) and negate the
dc offset (i.e., decreases icm1) and does not cause core saturation.
Moreover, device voltage drops in the MOSFETs and diodes can
also negate the dc offset [7], [8]. Fig. 11(b) shows the same effect
when D > 0.5. Therefore, small difference between S1 and S2
(or S3 and S4) to have negative voltage drop across the coupled
inductors can solve the saturation problem [8]. Experimental
waveforms in later section will verify this.

Although, the two coupled inductors make the proposed con-
verter less attractive, the input inductor (Lin ) of the proposed
converter experiences twice of the switching frequency and the
voltage across the Lin becomes half when compared with that of
the conventional boost type ac–ac converter shown in Fig. 1(b).
Therefore, the Linof the proposed converter can be much smaller
than that of the conventional converter. The equation for the cur-
rent ripple of the input inductor is expressed in (19). The equa-
tion for the current ripple of the input inductor with conventional
PWM ac–ac converter (Lin.conv ) is expressed as follows:

ΔiL in . c o n v =
(1 − D)D
Lin.conv

voTs. (27)

Thus, maximum current ripple in Lin.conv occurs when D =
0.5 with vo = vo. max . Fig. 12 shows the required inductance of
the conventional ac–ac converter to maintain same input induc-
tor current ripple as the proposed converter when D varies from
0.1 to 0.5.

As shown, the required input inductance of the conventional
ac–ac converter (Lin.conv ) is much greater than that of the pro-
posed converter. For example, the Lin.conv is almost 11 times
of Lin when D = 0.45. Therefore, the overall volume of the
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Fig. 13. Experimental waveforms of the proposed converter with ideal switching conditions (Vo = 220V rms, Po = 200W , and D = 0.4). (a) Gate signals
(ideal switching). (d) Magnified waveforms of (c).

magnetic components of the proposed converter will not be
much bigger than that of the conventional ac–ac converter. The
volume of the magnetic components of the proposed converter
can be further reduced with high switching frequency operation
of the converter because the diodes in the proposed circuit are
selected externally with very fast recovery diodes.

V. EXPERIMENTAL RESULTS

Based on the previous analysis, a boost type 200-W prototype
ac–ac converter was built and tested. Table I shows the elec-
trical specifications of the proposed converter. As mentioned
in the introduction, the conventional PWM ac–ac converters
achieve safe commutation by sensing the input voltage polarity.
However, this method still cannot provide reliable commutation
especially when the input voltage is highly distorted. The pro-
posed converter does not have such commutation problems. In
order to show the robustness of the proposed converter, several
experiments were conducted as follows.

Fig. 13 shows the experimental waveforms of the proposed
converter with almost ideal switching conditions, where the
switching gate signals S1 − S4 are turned ON and OFF syn-
chronously without any time delay as shown in Fig. 13(a). In
this case, there is no commutation problem and the switch drain-
source voltages do not have high voltage/current overshoot.
Fig. 13(b) shows the input voltage, output voltage, and input

Fig. 14. Test setup to feed a highly distorted ac input voltage to the proposed
converter.

current waveforms. Fig. 13(c) shows the voltage waveforms
of the output filter capacitors, and the drain-source voltage of
switches S2 and S3 . Fig. 13(d) shows the magnified waveforms
of (c).

In order to prove the robustness of the proposed converter
in harsh practical conditions, less than 1-μs time delay was
intentionally generated between the switch gate signals. To make
things more severe, a highly distorted ac input voltage was fed
to the proposed converter. The distorted ac input voltage in this
paper was generated from a conventional voltage source inverter
built in the laboratory. The test setup is shown in Fig. 14.
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Fig. 15. Experimental waveforms with positive voltage drop across cou-
pled inductor (Vin = 40V rms). (a) Gate signals (positive voltage drop).
(c) Expanded waveform of (b).

As mentioned in Section IV, positive voltage drop across
the coupled inductor will cause core saturation of the coupled
inductor. This is verified in Fig. 15. As shown in Fig. 15(a),
the switch interval when both S1 and S2 are on is 8.0 μs and
the interval when both S1 and S2 are OFF is 7.5 μs. Fig. 15(b)
and (c) show the waveforms. As expected, the coupled inductor
saturated even when the input voltage is very small, 40 Vrms.

Fig. 16(a) shows the gate signals to produce negative voltage
drop across the coupled inductor. As shown, the switch interval
when both S1 and S2 are on is 7.55 μs and the interval when
both S1 and S2 are off is 8.2 μs. Fig. 16(b) and (c) show the

Fig. 16. Experimental waveforms with negative voltage drop across cou-
pled inductor (Vin = 125V rms). (a) Gate signals (negative voltage drop).
(c) Expanded waveform of (b).

waveforms. There is no core saturation even when the input
voltage is increased to rated voltage, 125 Vrms.

Further experiments showed that mismatches in S1 and S4
(or S2 and S3) also do not cause core saturation as long as the
gate signals satisfy the negative voltage drop condition.

With these mismatched gate signal and distorted input voltage
conditions, huge voltage or current spikes will be generated with
the conventional ac–ac converters if proper soft commutation
strategies or clamp circuits are not used.

Fig. 17(a) shows the input voltage, output voltage, and switch
voltage waveforms. Fig. 17(b) shows the magnified waveforms
of (a) around the zero crossing area of the input voltage. With
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Fig. 17. Experimental waveforms of the proposed converter with mismatched
switching and distorted input condition (Vo = 220V rms, Po = 200W , and
D = 0.4). (b) Magnified waveform of (b).

Fig. 18. Prototype picture.

the highly distorted input voltage and mismatched gate signals,
the converter still works stably without any additional compo-
nents and a dedicated safe commutation scheme and there is no
noticeable voltage overshoot in the switches.

Fig. 18 shows a picture of the 200-W prototype boost ac–ac
converter developed in this paper. Fig. 19 shows the measured

Fig. 19. Measured efficiency.

efficiency of the proposed converter with the input voltage and
output power varied.

VI. CONCLUSION

In this paper, very robust single-phase buck, boost, and buck-
boost type PWM ac–ac converters have been proposed. Unlike
the existing PWM ac–ac converters, the proposed converters do
not need to sense the input voltage polarity for safe commutation
and the proposed converter can guarantee stable operation even
when the input voltage is highly distorted, which is impossible
with the conventional approach. Although two extra coupled
inductors are required, the input inductor can be designed to be
much smaller than that of the conventional ac–ac converter. The
performance of the proposed converter was successfully verified
with the 200-W boost type ac–ac converter.
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