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Abstract—In this paper, a single-phase buck–boost matrix con-
verter is proposed which can both buck and boost the input voltage
with step-changed frequency. It consists of only six unidirectional
current flowing bidirectional voltage blocking switches, two input
and output filter capacitors, and one inductor. It has following
advantages over the existing single-phase matrix converters: 1) it
can both buck and boost input voltage solving the limited volt-
age transfer ratio (only boost or buck) problem; 2) it also has
enhanced reliability as it is immune from shoot-through problem
of voltage source when all switches are turned-on simultaneously,
and, therefore, it has no need of PWM dead times and RC snubbers
or dedicated soft-commutation strategies to solve the commutation
problem; 3) it can also use high-speed power MOSFETs as their
body diodes never conduct, which eliminate their poor reverse re-
covery problem. The operation principle of the proposed converter
is given, and switching strategies are developed to obtain various
multiples and submultiples of input frequency. To verify its perfor-
mance, a laboratory prototype is fabricated and experiments are
performed to produce step-down and step-up voltage with three
different frequencies of 120, 60, and 30 Hz.

Index Terms—Buck–boost operation, commutation problem,
single-phase matrix converter, step-changed frequency, Z-source.

I. INTRODUCTION

FOR ac–ac power conversions, there are three common tra-
ditional converter systems: direct ac–ac converters [1]–[3],

indirect ac–dc–ac converters with dc link [4]–[6], and matrix
converters (MCs) [7], [9]–[14]. The direct ac–ac converters de-
spite their benefits of single-stage conversion, simple topology,
ease of control, and smaller size [8] can only provide voltage
regulation and lack the variable frequency operation. Indirect
ac–dc–ac converters with dc link can provide both variable out-
put voltage and variable frequency. However, they need a bulky
dc-link capacitor and a large-source filter inductor resulting in
high cost, large size, high losses, and low reliability [7].
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The MCs can also provide variable output voltage and fre-
quency with directly connected input power supply to load with-
out intermediate dc-link capacitor. Therefore, they are the best
alternative to conventional indirect ac–dc–ac converters with dc
link [13]. Owing to their attractive features and huge demand in
industrial applications, the MCs have become a hot spot in power
electronics with various studies on their modeling and control
[15]–[17], topological development [18], [19], and applications
[10], [20]. Zuckerberger et al. proposed the first single-phase
MC [21] with voltage buck and frequency step-up operation. In
[22], the experimental study of this single-phase MC is carried
out for frequency step-down operation with sinusoidal PWM
scheme and RL load. A commutation strategy for this single-
phase MC is implemented in [23] and [24], to avoid the voltage
spikes across switches during dead time. To improve the output
power quality of the single-phase MC, modified PWM strategy
called staircase modulation is developed in [25] and simulation
results are also given to show its advantages. In [26], the appli-
cation of the single-phase MC for induction heating is proposed,
and its comparison with H-bridge converter for the same appli-
cation is given in [27], which shows its feasibility for induction
heating application. In [28], the application of a single-phase
MC for driving of induction motor is presented, and experimen-
tal results of output voltage, THD, and speed of motor (r/m) are
also given which prove that it is the best alternative to replace
the dc-link-based ac–dc–ac converter for this application. This
single-phase MC is also used to implement a high boost ac–dc
MC [29] based on Cockcroft–Walton multiplier, which provides
high quality of line conditions, adjustable output voltage, and
low output ripple. Nguyen et al. proposed the single-phase buck–
boost MC [30] based on the existing Z-source topology to use
in the applications such as dynamic voltage restorer [31], and to
control speed of fan or pump, etc. However, all of these existing
single-phase MCs have some drawbacks, such as low-voltage
transfer ratio and commutation problem.

1) For the conventional buck MCs [21]–[28], the voltage
transfer ratio (ratio between output and input voltage) is
limited to <1 with linear modulation [28]. Therefore, they
cannot be used for the applications in which the input volt-
age is required to boost to a higher value. The overmod-
ulation technique can increase the voltage transfer ratio
to some extent but at the cost of reducing the quality of
both output voltage and input current [32]. On the other
hand, the current source MCs [29] can only boost the input
voltage and lack the buck operation. To overcome limited
voltage transfer ratio, a single-phase Z-source MC has
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been proposed in [30], which can provide wide range of
buck–boost voltage transfer ratio. However, it uses extra
passive components for energy storage (two inductors and
two capacitors) and ten active switches, which increases
the cost and decreases the power density.

2) All of the single-phase conventional and Z-source
MCs [21]–[31] suffer from commutation problem which
occurs because of inherent dead time or overlap time be-
tween complementary switches, due to different time de-
lays and limited speed of switching devices. During the
overlap or dead time, the shoot-through of voltage source
or open-circuit of inductor can occur, which may damage
switching devices because of excess current or voltage,
respectively. In order to solve this commutation problem
in a single-phase MC for induction motor drive [28], the
authors used dead-time between complementary switches
to solve the overlap (short-circuit) problem, and then used
RC snubbers across each active switch to provide a cur-
rent path for inductor current during dead time and avoid
the switch voltage spikes. However, these bulky and lossy
snubbers increase the system cost and decrease the power
density and efficiency. The safe-commutation strategies
for single-phase conventional MCs are developed in [23]
and [24], while for Z-source MC is developed in [30],
which provide current path during PWM dead times to
avoid voltage overshoot across switches. However, these
soft-commutation strategies increase control complexity
of the circuits. Moreover, all of these existing single-phase
MCs [21]–[31] are hard switching with current also flow-
ing through body diodes of their active switches. There-
fore, they cannot utilize high-speed power MOSFETs due
to poor reverse-recovery problem of body diodes of MOS-
FETs [33].

To overcome the aforementioned limited voltage transfer ra-
tio and commutation problem of the existing single-phase MCs,
this paper proposes a single-phase MC which can provide buck
and boost operations of the input voltage with step-changed
frequency. The proposed single-phase MC uses one inductor,
two input and output filter capacitors, and six unidirectional
conducting bidirectional voltage blocking switches. Compared
to the Z-source single-phase MC with ten active switches and
four passive components (two inductors and two capacitors for
energy storage), the proposed MC uses only six active switches
and one inductor (for energy storage), and yet it can provide
buck–boost function of input voltage; thus, eliminates the lim-
ited voltage transfer problem of the conventional single-phase
MCs (buck and boost types). Compared to the existing single-
phase MCs, it has no short-circuit problem of voltage source
even when all switches are turned on simultaneously; thus, it is
highly reliable without the need of PWM dead time and ded-
icated soft-commutation strategies to solve the commutation
problem. Therefore, the proposed single-phase MC can be used
to replace the existing single-phase MCs in applications, such
as to control the speed of fan, to drive induction motor, to imple-
ment induction heating system, and high gain ac–dc MC based
on Cockcroft–Walton multiplier, etc. To prove the effectiveness
of the proposed buck–boost MC, a hardware prototype is built

Fig. 1. Single-phase direct PWM ac–ac converters. (a) Buck type [1]. (b)
Boost type [1]. (c) Z-source buck–boost type [2].

for output voltage of 70-V rms and experimental results are pro-
vided under buck and boost voltage modes with three different
frequencies of 60 (same frequency), 30 (step-down), and 120 Hz
(step-up).

II. EXISTING SINGLE-PHASE MCS

All of the single-phase PWM ac–ac converters can change
the magnitude of input ac voltage by varying the duty ratio D.
However, the frequency of input ac voltage fed from grid is
fixed (50 or 60 Hz), while there are many single-phase ac–ac
conversion applications as described earlier, which require ac
voltage with variable frequency. In order to provide ac voltage
with variable (step-changed) frequency, the single-phase ac–ac
converters are required to operate in both noninverting (provide
output voltage which is in-phase with input ac voltage) and
inverting (output voltage out-of-phase with input ac voltage)
modes for specific time intervals. However, the single-phase
direct ac–ac converters (which are obtained from their dc–dc
counterparts by replacing each switch and diode with bidirec-
tional switch) cannot change the frequency of ac voltage as they
can either provide noninverting or inverting output voltage but
not both.

Fig. 1(a)–(c) shows the single-phase buck [1], boost [1], and
Z-source buck–boost [2] direct PWM ac–ac converters with
voltage gain of D, 1/(1−D), and (1−D)/(1−2D), which can
produce output voltage with variable magnitude by changing
the duty ratio D. However, these buck and boost converters
can only produce noninverting output voltage and cannot pro-
vide inverting output voltage. The Z-source buck–boost ac–ac
converter provide only noninverting output during boost mode
(when D < 0.5), while only inverting output during buck-mode
operation (D > 0.66). Therefore, these single-phase direct ac–ac
converters cannot change the frequency of output voltage.
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Fig. 2. Existing single-phase MC topologies. (a) Buck MC [23], [24].
(b) Boost MC [29]. (c) Z-source buck–boost MC [30].

To overcome this limitation, single-phase buck [23], [24],
boost [29], and Z-source buck–boost [30] MCs as shown in
Fig. 2(a)–(c) are developed from their direct ac–ac counterparts
[shown in Fig. 1(a)–(c)] by adding additional active switches.
The single-phase buck and boost MCs shown in Fig. 2(a) and
(b) are derived from their direct counterparts in Fig. 1(a) and
(b), respectively, by adding an additional bidirectional phase leg
consisting of bidirectional switches S3a,3b and S4a,4b . While,
the Z-source MC as shown in Fig. 2(c) is obtained from its
direct counterpart in Fig. 1(c), by replacing the bidirectional
switch S2a,2b with two bidirectional phase legs consisting of
four bidirectional switches S1a,1b−S4a,4b . By adding the ex-
tra bidirectional phase legs, these single-phase MCs have the
capability to provide both noninverting and inverting output
voltages. For example, compared to the single-phase buck ac–
ac converter [in Fig. 1(a)] where the voltage νxy (voltage across
output LC filter) is always in-phase with input voltage νin (when
switch S1a,1b is ON); the voltage νxy in single-phase buck MC
[shown in Fig. 2(a)] is in-phase with νin only when switches
S1a,1b , S4a,4b are turned ON, while it is out-of-phase with νin
when switches S2a,2b , S3a,3b are turned ON. Therefore, by prop-
erly selecting the time intervals during which these buck, boost,
and Z-source MCs operate in noninverting and inverting modes,
the frequency of their output voltage can be changed in steps
and multiples and submultiples of input frequency can be ob-
tained. However, these existing single-phase MCs have some
limitations and disadvantages as explained:

1) The single-phase buck and boost MCs can only provide
buck and boost voltage operation, respectively, and can-
not be used in applications which require both buck and

Fig. 3. Circuit topology of the proposed single-phase buck–boost MC.

boost voltage operation. The Z-source buck–boost MC
can provide both buck and boost voltage operations; how-
ever, it uses two extra active switches, capacitors C1 , C2 ,
and inductors L1 , L2 , which increase the cost, size, and
losses.

2) All of these three MCs have commutation problem be-
cause of inherent dead or overlap time between comple-
mentary switches. During overlap time when all switches
are turned ON, the buck and boost MCs have short-circuit
of input voltage (or Cin ) and output voltage (or Co ), re-
spectively, while the Z-source MC have a short-circuit
path containing Cin − Ssa,sb − C1 − S2a,2b − S1a,1b −
C2 , as can be seen in Fig. 2(a)–(c). Therefore, exces-
sive current will flow through active switches which may
destroy them. While during dead time when all switches
are turned OFF, there is no path for the flow of inductors
Lf currents for the buck and Z-source buck–boost MCs,
and inductor Lin current for boost MC. Therefore, large-
voltage spikes will generate across active switches which
may also damage them. To overcome this problem, dedi-
cated safe-commutation strategies are used for these MCs
in which PWM dead times are deliberately added between
complementary switches (to avoid short-circuit problem),
and then auxiliary switches are turned ON which provide
paths for inductor currents during dead times to avoid
switch voltage spikes. These soft-commutation strategies
increase the complexity of switching signals and control of
the MCs. Moreover in these MCs, body diodes of switches
also conduct significant current, and, therefore, they can-
not employ high-speed power MOSFETs because of poor
reverse-recovery problem of body diodes of MOSFETs.

III. PROPOSED SINGLE-PHASE BUCK–BOOST MCS

Fig. 3 shows the circuit topology of the proposed single-phase
buck–boost MC converter consisting of six unidirectional cur-
rent flowing bidirectional voltage blocking switches S1−S6 ,
one inductor L, and two input and output filter capacitors Cin
and Co . We have already introduced this circuit in [34] and
[35], where the operation of this circuit as a traditional buck,
boost, and inverting buck–boost converters with voltage gain of



AHMED et al.: SINGLE-PHASE BUCK–BOOST MATRIX CONVERTER WITH ONLY SIX SWITCHES 1235

D and 1/(1−D) and −D/(1−D) were proposed. However, that
research was limited to fixed frequency (single 60 Hz) operation
of the proposed circuit as conventional noninverting buck and
boost converters with voltage gains of D and 1/(1−D), respec-
tively, and its comparison with conventional eight switches non-
inverting buck–boost ac–ac converter with same voltage gains.
While in this paper, the buck (D) and boost (1/(1−D)) modes
of the proposed circuit are completely discarded and instead,
new noninverting buck–boost operating mode with voltage gain
of D/(1−D) is proposed. In addition, based on this new nonin-
verting buck–boost mode with voltage gain D/(1−D) proposed
in this paper, and inverting buck–boost mode with voltage gain
−D/(1−D) (proposed in [34] and [35]), various switching strate-
gies are proposed to operate the proposed circuit as a single-
phase buck–boost MC with step-changed frequency, and experi-
mental results with three different frequencies are also provided.
The proposed single-phase MC has the same variable frequency
operation and output voltage as the existing single-phase MCs
[21]–[31] with additional benefits, such as both buck and boost
operation of input voltage, and no shoot-through problem of
voltage source, etc.

Consider the case in which all switches of the proposed MC
in Fig. 3 are turned ON simultaneously, resulting in many paths
for current to flow. However, there are three paths which can
cause the shoot-through of voltage source only if the current
can flow through them: 1) Path containing input voltage source
and switches S1 , S2 . 2) Path containing output voltage νo and
switches S5 , S6 . 3) Path containing input and output voltage
and switches S3 , S4 . However, all the three paths contain two
unidirectional switches in opposite (antiseries) direction, and,
therefore, the current cannot flow in these close paths. Hence,
the proposed single-phase MC is immune from shoot-through
problem which increase its reliability and eliminate the need for
dead time along with RC snubbers or soft-commutation strategy,
which are required in case of the all existing single-phase MCs
[22]–[31].

IV. CIRCUIT OPERATION AND SWITCHING STRATEGIES FOR

VARIABLE FREQUENCY OPERATION

A. 60-Hz (Same Frequency, fo = fin ) Noninverting
Buck–Boost Operation

Fig. 4 shows the gating signals and key waveforms of the
proposed converter for noninverting and inverting buck–boost
mode operations when output voltage frequency is 60 Hz.

From this figure, it can be seen that during positive half
cycle of input voltage (νin > 0) for noninverting buck–boost
mode, the switches S1 , S3 , S6 are turned-on while switch S4 is
turned-off completely. The switches S2 , S5 are high-frequency
switches with their on-time and off-time representing time inter-
vals DT and (1−D)T, respectively. The equivalent circuit during
DT interval is shown in Fig. 5(a), in which the input energy is
stored in inductor L.

The series diodes of switches S1 , S6 are reverse biased, pre-
venting them from conducting the current. Applying KVL yields

νL = νin . (1)

Fig. 4. Switching strategies and key waveforms for noninverting and inverting
buck–boost modes.

Fig. 5. Noninverting buck–boost operation when νin > 0. (a) During DT
and (b) during (1 − D)T .

The equivalent circuit during (1−D)T interval is shown in
Fig. 5(b). The switches S2 , S5 are turned-off during this inter-
val and switches S1 , S6 conduct current as their series diodes
become forward biased to provide free-wheeling path for induc-
tor current. The energy stored in inductor is released to load in
this interval. Applying KVL now, gives

νL = −νo . (2)

Now for negative half cycle of input voltage (νin < 0) as
shown in Fig. 4, switches S2 , S4 , S5 are turned-on while switch
S3 is turned-off completely. The equivalent circuits for DT and
(1−D)T intervals are shown in Fig. 6(a) and (b), respectively.
The circuit operation for νin < 0 is similar to that for νin > 0,
with only difference that now switches S1 , S6 act same as S2 , S5
(for νin > 0), and vice versa.
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Fig. 6. Noninverting buck–boost operation when νin < 0. (a) During DT
and (b) during (1 − D)T .

Now, flux balance (volt–sec) balance condition on inductor L
using (1) and (2) gives

νo

νin
=

D

1 − D
. (3)

From (3), the voltage gain of the proposed converter for this
noninverting buck–boost mode is D/(1−D) having voltage buck
operation for D < 0.5 and boost operation for D > 0.5, with
same phase and frequency of output voltage as that of input
voltage.

B. 60-Hz (Same Frequency, fo = fin ) Inverting
Buck–Boost Operation

The gating signals and key waveforms during inverting buck–
boost mode operation are also shown in Fig. 4. From this figure,
it can be seen that in case of inverting buck–boost mode, the
gating signal of switch S3 is same as that of switches S2 , S5
for noninverting buck–boost operation, and vice versa. While
now the switch S4 has same gating signals as that of switches
S1 , S6 for noninverting buck–boost mode and vice versa. The
circuit operation and analysis for this mode is given in [34] and
[35]. The voltage gain for this mode is −D/(1−D), with same
magnitude as that for noninverting buck–boost mode explained
earlier, while the negative sign “−” shows that the output voltage
is out-of-phase with input voltage as can also be seen in Fig. 4.
In [35], the “−” sign was not added with voltage gain D/(1−D)
during inverting buck–boost mode, because the polarity sign
“±” of voltage νo across load R was made reversed in equivalent
circuits during this inverting buck–boost mode in [35].

The voltage gain for these noninverting and inverting buck–
boost modes are plotted in Fig. 7. The proposed MC can also
perform as buck–boost ac–dc rectifier by operating it in non-
inverting mode for positive half cycle of input voltage and in
inverting mode for negative half of input voltage.

C. 30-Hz (Step-Down Frequency, fo = (1/2)fin )
Buck–Boost Operation

The switching sequence of the proposed single-phase MC and
key waveforms for step-down frequency (from 60 to 30 Hz) op-
eration is shown in Fig. 8. From this figure, it is clear that
the step-down frequency operation is performed simply by

Fig. 7. Voltage gain versus duty ratio for inverting and noninverting buck–
boost operation modes.

Fig. 8. Switching strategy and waveforms for 30-Hz (step-down, fo =
(1/2)fin ) frequency operation.

operating the proposed MC in noninverting buck–boost mode
for one cycle of input voltage (60 Hz) and then in inverting
buck–boost mode in the next cycle, and so on. The switches S1
and S6 have same gating signals while switches S2 and S5 also
have same switching signals. There are no PWM dead times
and no soft-commutation strategy used in the switching signals
as can be seen in Fig. 8, which enhances the reliability of the
proposed MC and makes its switching logic simpler than the
existing MCs. The voltage gain in this frequency step-down
operation is same D/(1−D) as for 60-Hz (same frequency) op-
eration, with buck-mode operation for D < 0.5 and boost-mode
operation for D > 0.5.

D. 20-Hz (Step-Down Frequency, fo = (1/3)fin )
Buck–Boost Operation

The switching sequences and key waveforms for step-down
operation of frequency to 20 Hz (1/3 of 60 Hz) is shown in



AHMED et al.: SINGLE-PHASE BUCK–BOOST MATRIX CONVERTER WITH ONLY SIX SWITCHES 1237

Fig. 9. Switching strategy and waveforms for 20-Hz (step-down, fo =
(1/3)fin ) frequency operation.

Fig. 9. In order to get 1/3 submultiples of input frequency (fin ),
the proposed single-phase MC is operated in noninverting buck–
boost mode for one complete cycle of input voltage and then in
inverting buck–boost mode for one half cycle of input voltage,
and so on.

E. 120-Hz (Step-Up Frequency, fo = 2fin )
Buck–Boost Operation

The switching sequence of the proposed single-phase MC and
key waveforms for step-up frequency (from 60 to 120 Hz) oper-
ation is shown in Fig. 10(a). From this figure, it can be seen that
the double step-up frequency operation is implemented simply
by operating the proposed MC in inverting mode from positive
peak to negative peak for half-cycle of input voltage (60 Hz), and
then in noninverting mode in the other half cycle from negative
to positive peak, and so on. The switches S1 and S6 have same
gating signals while switches S2 and S5 also have same switch-
ing signals. The voltage gain in this frequency step-up operation
is also same D/(1−D), with buck-mode operation for D < 0.5
and boost-mode operation for D > 0.5. As have already been
mentioned that the proposed MC is immune from shoot-through
problem even if all switches are turned-off simultaneously, and,
therefore, no dead time is added in its complementary switch-
ing signals. However, it is good practice to practically add small
turn-off delay in each low-frequency switch which creates a
small overlap time between complementary switches during
switching transition, and the open-circuit problem of inductor
can be avoided. For example, Fig. 10(b) shows the enlarged
waveforms of Fig. 10(a) for νin > 0 in which small turn-off de-
lay is added in low frequency switches S1 , S3 , and S6 . In this
way, an overlap time occurs in switches S1−S6 during switch-
ing transition, and switches S2 , S4 , and S5 are always turned-on
before switches S1 , S3 , and S6 are turned-off. Therefore, there

Fig. 10. Switching strategy and waveforms for 120-Hz (step-up, fo = 2fin )
frequency operation. (a) Ideal switching signals. (b) Zoom-in waveforms of
(a) for νin > 0 with turn-off delay added in low-frequency switches to avoid
open-circuit problem of inductor.

is always a path for inductor current to flow and its open-circuit
problem is avoided.

F. 180-Hz (Step-Up Frequency, fo = 3fin )
Buck–Boost Operation

The switching sequences and key waveforms for step-up op-
eration of frequency to 180 Hz (three times of 60 Hz) are shown
in Fig. 11. In order to get this three times multiple of input fre-
quency (fin ), the converter is operated in inverting buck–boost
mode for 1/3 of one half-cycle duration, and in noninverting
mode for other 2/3 of the half cycle duration, and so on. The
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Fig. 11. Switching strategy and waveforms for 180-Hz (step-up, fo = 3fin )
frequency operation.

switching patterns of the proposed converter for various fre-
quency operations are also been summarized in Table I, in which
Ts represents the time period of input voltage.

From switching sequences of the proposed single-phase
buck–boost MC for various frequency modes as shown in Figs.
4, 8–11, it can be noticed that the switches S1 and S6 always have
same switching signals while S2 and S5 also have same switch-
ing signals. Therefore, only four different signals are needed to
generate for the proposed converter for each frequency opera-
tion, compared to ten different signals in case of the single-phase
Z-source MC [30], which make the PWM switching strategy
much easier for the proposed converter. In addition, no dead
times and soft-commutation strategy is needed in switching
signals of the proposed single-phase MC as compared to the
single-phase conventional MCs and Z-source MC, making the
realization of PWM gating signals more simple.

V. COMPARISON OF INDUCTOR CURRENT RIPPLES AND

STRESSES OF SWITCHES FOR SINGLE-PHASE PROPOSED AND

Z-SOURCE BUCK–BOOST MCS

As mentioned earlier, the single-phase buck and boost MCs
lack voltage boost and buck operations, respectively, and, there-
fore, cannot be used for applications requiring both boost and
buck operations of input voltage. While both the single-phase
proposed and Z-source MCs have buck–boost voltage ability,
and, therefore, are potential candidates for applications which
need buck and boost operation of input voltage with step-
changed frequency. In this section, the component stresses of
proposed and Z-source MCs are compared for the application
with same output voltage Vo (rms value), output power Po (rms
value), and switching time period T. The input voltage is as-
sumed to be varying from minimum value of Vin,min = Vo/2

TABLE I
SWITCHING SEQUENCES FOR VARIOUS FREQUENCY MODES

for boost-mode operation to a maximum value of Vin,max = 2Vo

during buck-mode operation.
1) Apart from filtering components, the Z-source buck–

boost MC uses four passive components for energy stor-
age including two capacitors (C1 , C2) and two inductors
(L1 , L2), while the proposed buck–boost MC uses only
one inductor L. Therefore, the proposed MC can save two
capacitors and one inductor compared to the Z-source
buck–boost MC. The maximum current ripples for induc-
tors L of the proposed and L1 , L2 of the Z-source MCs,
occur during buck mode when input voltage is maximum
Vin,max , and are given by

ΔiLmax,proposed =
√

2Vin,max

L
DT (4)

ΔiLmax,Z−source =
√

2Vin,max(1 − D)
L(1 − 2D)

DT. (5)

When input voltage is maximum Vin,max , the voltage gain
(Vo/Vin,max ) is 0.5. To obtain this gain, the duty ratio D
values for the proposed and Z-source MCs are 0.33 and
0.75, respectively. By putting these values of D in (4)
and (5) and solving the maximum inductor current ripples
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become

ΔiLmax,proposed = 0.333 ×
(√

2Vin,max

L
T

)
(6)

ΔiLmax,Z−source = 0.375 ×
(√

2Vin,max

L
T

)
. (7)

From (6) and (7), it is clear that for the same inductance
value L, the inductor L in the proposed MC has slightly
lower current ripple compared to that of the inductors L1
and L2 of the Z-source MC. Therefore, to maintain the
same current ripple, the inductor L in the proposed MC
require slightly lower inductance value compared to that
of the each inductor L1 and L2 of the Z-source MC.

2) Compared to the Z-source buck–boost MC which uses
ten active switches, the proposed buck–boost MC uses six
unidirectional current conducting and bidirectional volt-
age blocking switches which are either realized by con-
necting six MOSFETs in series with external diodes, or
by using six reverse-blocking IGBTs. In this section, the
maximum voltage and current stresses of active switches
are compared for both the proposed and Z-source MCs.

The maximum voltage stress across switches occurs during
buck mode when Vin = Vin,max and given by for two MCs as

⎧⎪⎨
⎪⎩

VS1,S2(max)−proposed =
√

2Vin,max = 2
√

2Vo

VS5,S6(max)−proposed =
√

2Vo

VS3,S4(max)−proposed =
√

2Vin,max = 3
√

2Vo

(8)

⎧⎨
⎩VSxa,Sxb(max)−Z−source =

√
2Vin,max

1 − 2D
=

2
√

2Vo

1 − 2D
where x = s, 1, 2, 3, 4.

(9)

Putting the value of D = 0.75 (to get a gain of Vo/Vin,max =
0.5) in (9), we get{

VSxa,Sxb(max)−Z−source = 4
√

2Vo

where x = s, 1, 2, 3, 4.
(10)

From (8) and (10), it can be seen that for the proposed MC,
the maximum voltage stress of switches S1 , S2 are 1/2, switches
S5 , S6 are 1/4, and switches S3 , S4 are 3/4 times lower than that
of all the ten switches in the Z-source MC. Therefore, compared
to the Z-source MC, the proposed MC can uses switches with
lower voltage ratings and also can reduce the switching losses.

The maximum current passes through switches of both
the MCs during boost mode when Vin = Vin,min (and Iin =
Iin,max ), and given as (ignoring current ripple)

⎧⎨
⎩ IS y ,m ax−prop osed =

√
2

(
Po

Vin ,m in + Vo

)
=

3
√

2Po

Vo

y = 1, 2, 3, 4, 5, 6.

(11)

⎧⎨
⎩ IS x,sb (m ax)−Z −source =

√
2Po

(1 − D)Vin ,m in
=

2
√

2Po

(1 − D)Vo

x = s, 1, 2, 3, 4.

(12)

Putting the value of D = 1/3 (to get a gain of Vo/Vin,min = 2)
in (12), we get⎧⎨

⎩ ISx,sb(max)−Z−source =
√

2Po

(1 − D)Vin,min
=

3
√

2Po

Vo

x = s, 1, 2, 3, 4.

(13)

From (11) and (13), it is clear that the current ratings of all
the switches in proposed MC are same as that of all the switches
in the Z-source MC.

Therefore, the proposed buck–boost MC has benefits in that
it has slightly lower inductor current ripple, and also it can use
switches with same current but lower voltage ratings compared
to that in the Z-source buck–boost MC.

VI. LOSS CONSIDERATION OF THE PROPOSED

BUCK–BOOST MC

Apart from input and output filtering capacitors which have
negligible power loss, the main losses in the proposed MC con-
sists of semiconductor switching devices losses and energy stor-
ing component losses.

A. Semiconductor Switching Devices Losses

The losses in switching devices are the major losses in the pro-
posed MC. The proposed MC uses six active switches S1−S6
and six external diodes D1−D6 . As the body diodes of active
switches do not conduct current, it uses high-speed power MOS-
FETs as active switches. The switching device (MOSFETs and
external diodes) losses come from switching and conduction
loss of MOSFETs, and reverse recovery and forward voltage
drop loss of external diodes.

In the proposed MC, during inverting buck–boost mode, only
one MOSFET (S3 or S4) and one diode (D3 or D4) with voltage
stress of νin + νo are switched at high frequency at a time. While
during noninverting buck–boost mode, two MOSFETs (S1 , S6
or S2 , S5) and two external diodes (D1 ,D6 or D2 ,D5) are
switched at high frequency at a time with voltage stress of νin
for MOSFETs S1 , S2 (and D1 ,D2) and νo for MOSFETs S2 , S5
(and diodes D5 ,D6). The main switching losses of MOSFETs
and reverse-recovery losses of external diodes come from these
high-frequency switching MOSFETs and diodes, while there
will be some minor switching and reverse recovery losses from
low-frequency MOSFETs and external diodes, respectively. As
the proposed MC uses high-speed MOSFETs with external fast
recovery diodes, its switching and reverse recovery losses will
be smaller than those of the conventional MCs constructed with
IGBTs with body diode.

In the proposed MC, there are three MOSFETs and three ex-
ternal diodes in a current conducting power loop. Therefore, the
proposed MC has three MOSFETs conduction losses and three
external diodes voltage drop losses. As the use of MOSFETs
and external fast recovery diodes decrease the switching and
reverse-recovery losses of the proposed MC, these MOSFETs
conduction and diode voltage drop losses are the more promi-
nent semiconductor losses. The proposed MC can utilize SiC
MOSFETs (as their body diodes never conduct in the proposed
MC) with very low Rds on along with external low forward
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TABLE II
ELECTRICAL SPECIFICATIONS OF THE PROPOSED

SINGLE-PHASE BUCK–BOOST MC

Output voltage 70 Vrm s

Input voltage (buck mode) 95 Vrm s

Input voltage (boost mode) 45 Vrm s

Output power 200 W
Switching frequency 25 kHz
MOSFET (S1 − S6 ) 47N60CFD (600 V)
Diode (D1 − D6 ) RHRG3060 (600 V)
Inductor (L ) 800 μH
Input capacitor (C i n ) 1.5 μF
Output capacitor (Co ) 4.5 μF

voltage drop diodes to decrease these conduction and voltage
drop losses, respectively.

B. Energy Storing Component Losses

The proposed MC uses only one inductor L as energy storing
component and the remaining loss of the proposed MC comes
from conduction and core loss of this inductor L with winding
conduction loss being the dominant one. The design requirement
and losses of this inductor L is the same as that of inductor in
the conventional inverting buck–boost ac–ac converter under
the same switching frequency condition. However, compared
to the conventional inverting buck–boost ac–ac converter which
uses IGBTs, the switching frequency of the proposed MC can
be increased owing to the use of power MOSFETs. Hence, for
the same current ripple, the proposed MC can use inductor with
smaller inductance value and the winding loss of inductor can
be decreased.

VII. EXPERIMENTAL RESULTS

To verify the previous analysis, a 200-W laboratory prototype
of single-phase buck–boost MC was built and tested. Table II
shows the electrical specifications of the proposed converter.
An LEM LV-25P voltage sensor was used to detect the zero
crossings, and the sensor signals were sent to TMS320F28335
DSP-kit using 12 bit A/D converter. The DSP kit generated six
gating signals for three different frequency operations.

Figs. 12 and 13 show the experimental results of the proposed
buck–boost MC for 60-Hz output voltage during noninverting
and inverting buck–boost operations, respectively. Fig. 12(a)
and (b) shows the input voltage, output voltage, and output cur-
rent for noninverting boost and buck modes, while Fig. 13(a)
and (b) shows these waveforms for inverting boost and buck
modes, respectively. Figs. 12(c) and 13(c) show the switch volt-
age stress for high-frequency switches and inductor current for
noninverting and inverting buck modes, respectively, while Figs.
12(d) and 13(d) show zoom-in waveforms of these stresses.

Fig. 14 shows the experimental results for buck and boost
modes when output frequency is 30 Hz. Fig. 14(a) and (b) shows
the input voltage, output voltage, and output current during
boost and buck modes, respectively. Fig. 14(c) shows the switch
voltage stress for high-frequency switches and inductor current,
while Fig. 14(d) shows zoom-in waveforms of these stresses.

Fig. 12. Experimental results of the proposed ac–ac converter under non-
inverting buck–boost mode operations for Vo = 70 Vrm s and fo = 60 Hz.
(a) Boost operation when Vin = 45 Vrm s , D = 0.61. (b) Buck operation when
Vin = 95 Vrm s , D = 0.42. (c) Components stresses. (d) Zoom-in waveforms
of (c).
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Fig. 13. Experimental results of the proposed ac–ac converter under inverting
buck–boost mode operations for Vo = 70 Vrm s and fo = 60 Hz. (a) Boost
operation when Vin = 45 Vrm s , D = 0.61. (b) Buck operation when Vin =
95 Vrm s , D = 0.42. (c) Components stresses. (d) Zoom-in waveforms of (c).

Fig. 14. Experimental results of the proposed ac–ac converter under buck–
boost mode operations for Vo = 70 Vrm s and step-down frequency opera-
tion when fo = 30 Hz. (a) Boost operation when Vin = 45 Vrm s , D = 0.61.
(b) Buck operation when Vin = 95 Vrm s , D = 0.42. (c) Switch voltage and
inductor current stresses. (d) Zoom-in waveforms of (c).
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Fig. 15. Experimental results of the proposed ac–ac converter under buck–
boost mode operations for Vo = 70 Vrm s and step-up frequency operation when
fo = 120 Hz. (a) Boost operation when Vin = 45 Vrm s , D = 0.61. (b) Buck
operation when Vin = 95 Vrm s , D = 0.42. (c) Switch voltage and inductor
current stresses. (d) Zoom-in waveforms of (c).

Fig. 16. Experimental waveforms of input voltage νin , output voltage νo ,
input current iin , and output current io during 60-Hz inverting mode op-
eration with inductive load (R = 30 Ω, L = 10 mH) when Vin = 95 Vrm s ,
D = 0.42.

Fig. 17. Experimental waveforms of input voltage νin , output voltage νo ,
input current iin , and output current io during 30-Hz mode operation with
inductive load (R = 30 Ω, L = 10 mH) when Vin = 95 Vrm s , D = 0.42.

Fig. 15 shows the experimental results for buck and boost
modes when output frequency is 120 Hz. Fig. 15(a) and (b)
shows the input voltage, output voltage, and output current dur-
ing boost and buck modes, respectively. Fig. 15(c) shows the
switch voltage stress for high-frequency switches and inductor
current, while Fig. 15(d) shows zoom-in waveforms of these
stresses.

Figs. 16 and 17 show the experimental results of input and
output voltages and currents under 60-Hz inverting mode and
30-Hz modes, respectively, for RL load with R = 30 Ω and L =
10 mH. An input LC filter with L = 0.23 mH and C = 1.5 μF
is also used (as have been done for the Z-source buck–boost MC
in [30]) to make the input current continuous which can be seen
in Figs. 16 and 17.

The efficiency of the proposed single-phase MC is given in
Fig. 18 when Vo = 70 Vrms and Po = 200W. From this figure,
it can be seen that the efficiency is maximum when input volt-
age is maximum (input current is minimum) during buck mode,
and it decreases as the input voltage decreases. This is because
the conduction losses of MOSFETs and series diodes are dom-
inant losses in the proposed MC, which increases as the input
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Fig. 18. Efficiency of the proposed single-phase buck–boost MC.

current increases (with decrease in input voltage). The measured
efficiency is low as due to limitation in components available
in the laboratory, the prototype MC was intended only to verify
the operational concept and was not optimized to obtain better
efficiency. The prototype of the proposed buck–boost MC is
fabricated and experimented for low voltage. However, all the
MOSFETs (S1−S6) and diodes (D1−D6) used in the experi-
ment are of higher voltage rating of 600 V. These high-voltage
rating MOSFETs and diodes have relatively higher losses which
reduced the measured efficiency of the proposed MC. All of
these experimental results are in good agreement with the previ-
ous analysis; therefore, validate the advantages of the proposed
single-phase buck–boost MC.

VIII. CONCLUSION

In this paper, a single-phase buck–boost MC is proposed
which consists of one inductor, two filter capacitors, and six
unidirectional current conducting bidirectional voltage block-
ing switches. It can step-changed the output frequency with both
voltage buck and boost operation; therefore, solves the limited
gain (only buck or boost) ability of the existing single-phase
MCs. The proposed single-phase MC is more reliable than the
existing MCs as it can turn on all switches simultaneously with-
out current overshoot problem caused by the short-circuit of
voltage source. Therefore, it does not have commutation prob-
lem and eliminates the need for PWM dead times and lossy RC
snubbers or dedicated soft-commutation strategies, which is a
significant advantage.

A detailed analysis of the proposed topology and switching
strategies are given for buck–boost operation with step-down
same and step-up frequency. A scaled-down laboratory proto-
type of the proposed MC with output voltage of 70-Vrms was
fabricated based on TMS320F28335 DPS-kit to generate the
control signals, and experimental results under buck and boost
modes were given for output frequencies of 30 (step-down fre-
quency), 60 (same frequency), and 120 Hz (step-up frequency).
The proposed MC can be used in applications which require

voltage regulation along with frequency variation such as to
control the speed of a fan or a pump, to drive induction motor,
for induction heating, and to implement a high-boost ac–dc MC
based on Cockcroft–Walton voltage multiplier, etc.
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