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Abstract—In this article, a novel continuous modulation scheme
with variable-dc-offset (CMS-VDO) is proposed for a single-phase
differential-mode inverter (DMI). The output voltage of the DMI
is the difference in output voltages of two differentially connected
dc–dc converters. CMS-VDO is so designed that the output voltage
of the individual dc/dc converter is reduced without affecting the
output voltage of the DMI. This reduced voltage yields reductions in
circulating current, peak switch voltage, total harmonic distortion,
and improved efficiency compared to conventional modulation
scheme with fixed dc offset (CMS-FDO). The experimental results
compare and validate the improved inverter performance using
CMS-VDO over CMS-FDO.

Index Terms—Differential mode, efficiency, harmonic distortion,
inverter, modulation, switch stress.

I. INTRODUCTION

S INGLE phase inverters are widely used to convert the dc
electrical energy to an ac electrical energy compatible with

household and industrial appliances. Furthermore, inverters are
also widely used to harvest the renewable [e.g., photovoltaic
(PV)] energy [1], [2], [3] and support battery energy storage [4],
where such energy sources have varying dc output voltage. Per-
formance of an inverter is generally measured by its capability
to efficiently generate a low-total harmonic distortion (THD) ac
sinusoid. Widely used implementation of inverters are generally
realized using full-bridge voltage-source inverters (VSIs) which
are buck dc/ac converters [5]. The VSIs typically require four
switches per phase, and the dc-source voltage should always be
higher than the peak of the output ac voltage. The dc-voltage
constraint of the buck converter is addressed by adding another
dc/dc converter stage. For low-power inverter implementation,
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the two-stage inverter solution results in a higher component
count, complex control, and lower overall efficiency [5].

Single-stage inverter solutions with a wide dc swing neces-
sitates buck–boost capability. A z-source dc/ac converter [6] is
a single-stage solution and typically needs two active switches.
However, the input and output currents of inverter are discontinu-
ous and require additional filter circuit. Quasi-z-source inverter
[7], [8] allows continuous input and output current; however,
the average- and ripple-current stresses on the inductor and the
switches are significant resulting in a reduced inverter efficiency.

A differential-mode converter [9], [10], [11] consists ideally
of two identical dc/dc converter modules. In a differential-mode
inverter (DMI [9]), the two modules are connected in parallel at
the dc side while at the ac side, the modules are differentially
connected. The two modules are operated to generate a bipolar
(i.e., an ac) output voltage. Such DMIs, based on buck, boost,
and buck–boost converters, are discussed in [10]. The Ćuk-based
implementation of such a DMI, referred in this article as a
differential-mode Ćuk inverter (DMCI) has step-up/-down and
continuous input- and output-current capabilities [9]. As shown
in Fig. 1, the DMCI topology requires four active switches and
eight passive components. The input and output inductors of
the dc/dc modules can be integrated to reduce the magnetic
component counts [12], [13], [14], [15]. In addition, the DMCI
also allows isolation feature as presented in [9], [15], [16], and
[17].

In [16], [18], [19], and [20], a conventional continuous mod-
ulation scheme with fixed dc offset (CMS-FDO) for the DMI is
discussed which governs the operation of the two dc/dc modules.
The continuous operation of the dc/dc modules in CMS-FDO
results in a lower THD as the even harmonics generated by
non-linearities in the modules get largely cancelled [16]. How-
ever, the CMS-FDO-based DMI suffers from higher circulating
power resulting in reduced efficiency and higher peak switch
voltages due to the higher dc-offset voltage of the individual
dc/dc converter module.

In [16], a discontinuous modulation scheme (DMS) for an
isolated DMI is outlined which results in higher inverter effi-
ciency due to reduced circulating power and also lower switch
voltage stress compared to that obtained using CMS-FDO. As
the two modules are not operating continuously, the THD of the
DMS-based open-loop DMI is higher and requires a close-loop
control mechanism to limit the THD below 5%.
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Fig. 1. (a) Illustration of a DMCI with two DC–DC converter modules.
(b) Modulation mechanism of the DMCI.

In [21], a novel continuous modulation scheme with variable-
dc-offset modulation scheme (CMS-VDO) for DMI is outlined
by the authors. CMS-VDO modulation for buck-, boost-, and
buck–boost-derived DMI is discussed. A variable-dc voltage
offset for both the dc/dc modules output is used to overcome
the drawbacks of CMS-FDO yielding lower circulating power
and lower switch voltage stress. Cáceres and Barbi [10] presents
simulation results to validate the operation of CMS-VDO. A
comparison of CMS-FDO and CMS-VDO is also presented.

Unlike [21], in this article, detailed analyses of DMCI’s circu-
lating power and switch voltage stress are conducted for CMS-
VDO to understand the dependencies of these parameters with
varying DMCI operating conditions. Furthermore, detailed ex-
perimental evaluations of the CMS-VDO- and CMS-FDO-based
DMCI are also presented to support the analyses. Additionally,
THD, efficiency, and unity- and non-unity-power-factor-load
performances of the DMCI using the two modulation schemes
are also demonstrated.

Overall, in Section II, an outline on CMS-FDO and CMS-
VDO is provided. In Section III, comparison between CMS-
FDO and CMS-VDO regarding voltage stress and circulating
current is carried out. Section IV provides detailed experimental
results associated with the two modulation schemes for the
DMCI. Finally, Section V captures the conclusions.

II. MODULATION SCHEMES FOR DMCI

The single-phase DMCI topology is shown in Fig. 1(a). DMCI
consists of ideally two identical dc/dc Ćuk modules (Modules 1
and 2) connected in parallel at the dc side of the inverter while
the outputs of the two modules are connected differentially at the
ac side. The modulation mechanisms of the two dc/dc converter
modules are shown in Fig. 1(b).

As shown in the figure, the duty cycle, d1 is applied to Module
1 while the duty cycle, d2 is applied to Module 2. Switch S1

of Module 1 is operated using pulsewidth modulation (PWM)
associated with d1 while S2 is operated complementarily with
the duty cycle d′1 = 1− d1. Similarly, switching of S3 in
Module 2 is governed by PWM based on the duty cycle d2
while S4 is switched complementarily based on the duty cycle,
d′2 = 1− d2. As both the modules are supplied with the input
voltage, Vin, the output voltages of the two modules in terms of
respective duty cycles of the modules are the same as of Ćuk
dc/dc converter [22] and given by the following expressions:

vo1 =
d1

1− d1
Vin (1a)

vo2 =
d2

1− d2
Vin. (1b)

The ac output voltage (vo) of the DMCI is the voltage differ-
ence between the output voltages (vo1 and vo2) of Modules 1
and 2 and is given by

vo = vo1 − vo2 =

(
d1

1− d1
− d2

1− d2

)
Vin. (2)

Equation (2) demonstrates that the modulation scheme for
the DMCI dictates the output of individual dc/dc converter
modules to generate the desired sinusoid ac output voltage. The
description of the CMS-VDO and CMS-FDO is discussed in the
following section.

A. CMS-FDO

In CMS-FDO, the two dc/dc converter modules of the DMCI
are so operated that d1 + d2 = 1 [9]. Applying this duty-cycle
relationship of CMS-FDO and using (2), the following relation
for the inverter output voltage is obtained:

vo = Vm sin (ωt) =

(
d1

1− d1
− 1− d1

d1

)
Vin (3)

where Vm is the required peak of the desired output ac (sinu-
soidal) voltage and ω is the angular frequency of the output
voltage. Solving the quadratic equation in (3), d1 (and hence
d2 = 1− d1) is found to be

d1 = 0.5 +

√
4 + (gsin (ωt))2 − 2

2gsin (ωt)
(4a)

d2 = 0.5−
√
4 + (gsin (ωt))2 − 2

2gsin (ωt)
(4b)

where g is defined by Vm/Vin. Following (4), Fig. 2 captures
the variation in d1 and d2 for CMS-FDO.

Voltages, vo1 and vo1 are obtained using (1) and (4):

vo1 =

⎛
⎝gsin (ωt)

2
+

√
1 +

(
gsin (ωt)

2

)2
⎞
⎠ Vin (5a)

vo2 =

⎛
⎝−gsin (ωt)

2
+

√
1 +

(
gsin (ωt)

2

)2
⎞
⎠ Vin. (5b)
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(a)

(b)

Fig. 2. Variation in (a)d1 and (b)d2 for CMS-FDO and CMS-VDO modulated
DMCI over a line cycle.

The output voltages of Modules 1 and 2 are shown in Fig. 3(a)
and (b), respectively, using the duty-cycle variation shown in
Fig. 2. Fig. 3(c) shows the desired sinusoidal output voltage, vo,
which is obtained by taking the difference of the output voltages
of the two dc/dc converter modules. For the CMS-FDO, the
fixed dc bias of 0.5 in the duty cycles results in an offset of Vin

on the output of the dc/dc converter modules regardless of the
normalized gain g.

In CMS-FDO, the module dc-offset voltage is not varied
instead, it is set at Vin, which generally yields higher module
output voltage. The reduction in the dc-offset voltage at the
output of each module leads to a reduction in the circulating
power and switch voltage stress as detailed in Section III.

B. CMS-VDO

In the CMS-VDO, d1 and d2 are so determined that the
inequality Vin − 0.5Vm ≥ 0. In addition, because the output
voltage of the inverter is determined by the differences in the
output voltages of the two dc/dc converter modules, the min-
imum output voltages of the modules also contribute more to
building the desired inverter output voltage. The CMS-VDO has
been proposed considering these aspects. In a CMS-VDO-based
DMCI, each dc/dc converter module produces a sinusoidal
output voltage with dc-offset volage = 0.5gVin yielding the
following:

vo1 = (0.5g + 0.5g sin (ωt)) Vin (6a)

vo2 = (0.5g − 0.5g sin (ωt)) Vin. (6b)

It is evident that 0.5Vm is not fixed but a function of the peak
output voltage. For instance, when the voltage of the second
module is at its minimum, the first module needs to generate
less voltage (compared to that needed for CMS-FDO) to have the

Fig. 3. Output voltages of (a) module 1, (b) module 2, and (c) the DMCI over
a line cycle operated using CMD-FDO and CMS-VDO.

same inverter output voltage. Duty cycles d1 and d2 are obtained
using (1) and (6) and are given by the following equations:

d1 =
0.5g + 0.5g sin (ωt)

1 + 0.5g + 0.5g sin (ωt)
(7a)

d2 =
0.5g − 0.5g sin (ωt)

1 + 0.5g − 0.5g sin (ωt)
. (7b)

Fig. 2 shows the duty cycles for CMS-VDO (along with that
for CMS-FDO) of the two dc/dc converter modules for the same
inverter output voltage. Fig. 3 shows the module voltages and
inverter output voltage for the CMS-VDO along with the CMS-
FDO obtained using the duty cycles shown in Fig. 2.

Fig. 4(a) and (b) show the variation in the desired DMCI
output voltage (i.e., Vm sin(ωt)) normalized to the input volt-
age (i.e., Vin) with varying duty cycle d1 for CMS-FDO and
CMS-VDO g = 1.2. Fig. 4(a) shows that, for CMS-FDO, even
though the normalized dc/dc converter module output voltages
are nonlinear functions of the duty cycle, the inverter normalized
output voltage appears almost a linear function of the duty cycle.
Fig. 4(b) shows that, for CMS-VDO, the inverter and module
normalized output voltages are nonlinearly related to the duty
cycle. As the minimum gain of the individual module is zero, the
gain trace of the modules shifts with varying g. Finally, for the
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Fig. 4. Inverter and module output voltages (normalized to the input voltage)
with varying duty cycle for (a) CMS-FDO and (b) CMS-VDO.

same, normalized inverter output voltage, CMS-FDO normal-
ized module output voltages are found to be higher indicating a
higher switch voltage stress.

III. COMPARISON OF CMS-VDO AND CMS-FDO

In this section, a comparative analysis of CMS-VDO and
CMS-FDO is provided to outline the advantage of CMS-VDO.
The following analysis assumes an ideal DMCI where the
switches and the passive components are assumed to be ideal.

A. Switch Voltage Stress

The peak voltage across the switches in a Ćuk derived con-
verter is dictated by the peak voltage across the blocking ca-
pacitor (e.g., C1 in Module 1). The voltage across the blocking
capacitor is the sum of the instantaneous input and output volt-
ages of the Ćuk module. Hence, the peak voltage stress across
the switches for Module 1 is given by the following:

Vpeak = vo1,peak + Vin. (8)

Using (5), (6), and (8), peak voltage stress for CMS-FDO and
CMS-VDO are given by (9) and (10), respectively:

Vpeak,CMS−FDO = Vin

(
1 +

g

2
+

√
1 +

(g
2

)2)
(9)

Vpeak,CMS−VDO = Vin (1 + g) . (10)

Fig. 5 illustrates the peak switch voltage for the two modu-
lation schemes for varying g. It indicates that, the peak switch
voltage stress increases with an increase in the magnitude of the
output voltage of the DMCI for both CMS-FDO and CMS-VDO.
However, the peak switch voltage stress is significantly higher
for CMS-FDO compared to CMS-VDO, especially for lower g.

Fig. 5. Peak switch voltage as a function of g for Vm = 120 V.

Fig. 6. Instantaneous output power of a DMCI module over a line cycle for
CMS-FDO and CMS-VDO.

B. Circulating Power

As the two dc/dc converter modules of the DMCI operate
in an identical manner except for the out-of-phase operation,
analysis of only the first module is provided. Due to a cascaded
connection of the modules at the output side, the load current
is also the output current of each of the two modules. Hence,
the instantaneous output power of the DMCI module, po1(t), is
given by the following:

po1 = vo1 io (11)

where io (t) = io1 (t) = −io2(t) ignoring the switching ripple.
Using (5), (6), and (11), the instantaneous output power for
CMS-FDO and CMS-VDO for a unity-power-factor load are
determined to be the following:

po1,CMS−FDO =
V 2

in

R
gs

(
gs
2

+

√
1 +

(gs
2

)2)
(12)

po1,CMS−VDO =
V 2

in

R
gs

(g + gs)

2
(13)

where gs = g sin(ωt) and R is the resistive load.
Using (12) and (13), and for the same input and output

voltages, the instantaneous power of the DMCI module oper-
ating with CMS-FDO and CMS-VDO are plotted in Fig. 6 for
g= 1.2. Fig. 6 implies that, even though the output power of the
inverter is the same (given the same output voltage and resistive
load) for both the modulation schemes, the individual module
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of the inverter handles more power when it is operated using
CMS-FDO rather than CMS-VDO. This indicates the presence
of higher circulating power for CMS-FDO-based DMCI.

The circulating power reflects the additional power, beyond
the power that needs to be delivered to the load, which circulates
in a dc/dc converter module of the DMCI [2]. As such, such a
circulating power is not desired in a DMCI since it results in
additional dc/dc converter module (and hence inverter) losses.
Additionally, a lower circulating power also yields reduced
current and/or voltage stress for the same power delivered to
the load.

In this article, the ratio of the circulating (reactive) power to
the active power for the DMCI module is used to assess the extent
of the circulating power. The reactive power (Qo1) through a
DMCI module can be derived from apparent power, So1, and
active power, Po1, over a line cycle period, T , as captured by the
following relationship:

S2
o1 = P 2

o1 +Q2
o1 = V 2

o1 I
2
o (14)

where

V 2
o1 =

1

T

∫ T

0

v2o1dt

I2o =

∫ T

0

i2o1dt.

Vo1 and Io represent the root-mean-square (RMS) values of vo1
and io1, respectively. The ratio of the reactive power to the active
power is given by the following:

Qo1

Po1
=

√√√√ 1
T ∫T0 v2o1dt

1
T ∫T0 i2odt[

1
T ∫T0 vo1iodt

]2 − 1. (15)

Using (5), (6), and (12), the ratio of Qo1/Po1 for the CMS-
FDO and CMS-VDO operated DMCI is determined to be the
following: (

Qo1

Po1

)
CMS−FDO

=

√
g2 + 8

g2
(16a)

(
Qo1

Po1

)
CMS−VDO

=

√√√√√ 1
T ∫T0 (0.5Vm (1 + sin (ωt)))2dt 1

T ∫T0
(
Vm

R sin (ωt)
)2
dt[

1
T ∫T0 V 2

m

2R (1 + sin (ωt)) sin (ωt) dt
]2 − 1

(
Qo1

Po1

)
CMS−VDO

=
√
2 (16b)

which indicates that unlike the CMS-FDO, the ratio of reactive
to active power in CMS-VDO is independent of g.

Fig. 7 shows the comparison of the ratio of the reactive (circu-
lating) power to the active power for varying g. It shows that, the
reactive (circulating) power for the CMS-FDO-based DMCI is
significantly higher than that obtained using CMS-VDO-based
DMCI at lower g. With increasing g, this difference between the
two modulation schemes narrows.

Fig. 7. Ratio of reactive (circulating) to active power for varying peak-
normalized DC-voltage gain (g).

C. Current Stress

The current through the switches in a Ćuk derived converter
is sum of the instantaneous input and output current of the Ćuk
module. As the modules are assumed to be identical, the current
stress on both the modules are equal, hence, only Module 1 is
used to analyze the current stress. For an ideal Ćuk module, the
peak current through the switches over a switching period is
given by the following:

Isw = 〈Isw〉 +ΔIsw. (17a)

In (17a), Isw is the average current through the switches over
a switching period and is given by the following equation:

〈Isw〉 =
(
vo1/Vin

+ 1
)
io1 (17b)

and ΔIsw is the ripple current through the switches. By using
volt-second balance on the input and output inductor currents,
ΔIsw is given by the following:

Δ Isw =
Vind1
2fsw

(
1

L1
+

1

L2

)
. (17c)

where L1 and L2 is the input and output inductors, respectively.
From (17c), ΔIsw for Ćuk module is proportional to the duty
cycle of the module which is shown in Fig. 2 for a constant Vin.
Using (5)–(7), the average current through the switches for the
CMS-FDO and CMS-VDO operated DMCI is determined to be
the following:

〈Isw〉CMS−FDO =

(
gs
2

+

√
1 +

( gs
2

)2
+ 1

) (
gsVin

R

)
(18)

〈Isw〉CMS−VDO = (0.5g + 0.5gs + 1)

(
gsVin

R

)
. (19)

The peak value of ripple current through the switches for the
CMS-FDO and CMS-VDO operated DMCI occurs at the peak
of output voltage and is obtained by substituting (4) and (7) into
(17c). The peak value of the current ripple through the switch is
given by the following:

ΔIsw,pk,CMS−FDO=
Vin

2fsw

(
0.5+

√
4+g2−2

2g

)(
1

L1
+

1

L2

)
(20)
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Fig. 8. (a) Peak value of average current, and (b) peak value of ripple current
through the switches for varying peak-normalized DC-voltage gain (g) with
Vm = 120 V and R = 30 Ω.

Δ Isw,pk,CMS−VDO =
gVin

2fsw

(
1

1 + g

)(
1

L1
+

1

L2

)
. (21)

Fig. 8(a) shows the comparison of the peak value of the aver-
age current through the switches for CMS-FDO and CMS-VDO
operated DMCI using (18) and (19). As shown in Fig. 8(a), the
peak value of the average current through the switches is found
to be higher using CMS-FDO compared to CMS-VDO, which
results in a higher conduction loss.

In Fig. 8(b), the peak value of ripple current through the
switches is shown for CMS-FDO and CMS-VDO operated
DMCI. The peak value of ripple across the switches is higher
for CMS-FDO compared to CMS-VDO. The difference is sig-
nificantly higher for lower g due to higher duty cycle (higher
module voltage) in case of CMS-FDO compared to CMS-VDO.
The high ripple at lower g results in higher conduction losses in
the switch.

As the switch current is the sum of the input and output
inductor currents, the higher switch current also indicates higher
current through the inductors which increases magnetic con-
duction losses. The ripple current through an inductor produces
varying magnetic flux field in the magnetic core. Higher ripple
current in the case of CMS-FDO compared to CMS-VDO causes
higher nonlinear magnetic core losses [12], [23] especially for
lower g.

IV. EXPERIMENTAL RESULTS

An experimental prototype of the DMCI is developed to vali-
date the analysis regarding CMS-VDO and provide comparison
with CMS-FDO. Fig. 9 shows a hardware prototype of the DMCI
with the specifications provided in Table I. A TMS320F28335
digital signal processor based controller manufactured by Texas
Instruments is used to generate the desired PWM signals for
the CMS-VDO- and CMS-FDO-based DMCI. A PA3000 power
analyzer manufactured by Tektronix is used to measure the
efficiency, and the output-voltage THD of the inverter. The same

Fig. 9. Experimental prototype of the DMCI.

TABLE I
PARAMETERS OF THE EXPERIMENTAL DMCI PROTOTYPE

in

hardware prototype is used for both CMS-FDO and CMS-VDO-
operated DMCI for experimental comparison and validation.

The inverter waveform for a unity-power-factor load of 30 Ω
and g = 1.2 is shown in Fig. 10. Fig. 10(a) shows the waveform
for CMS-FDO-based DMCI. The modulation scheme is realized
using the duty cycle relation given by (4) for the desired output
voltage. As outlined earlier and illustrated in Fig. 3, the output
voltages of the dc/dc converter modules of the DMCI have a dc
offset equaling the input voltage. The difference of the output
voltages of the modules results in the sinusoidal output voltage
of the DMCI.

Fig. 10(b) shows waveforms for the CMS-VDO modulated
DMCI; the modulation scheme is realized following (7). The
minimum value of the output voltage of a DMCI module oper-
ated with CMS-VDO is 0 V, which results in a lower circulating
current. The peak output voltage of a DMCI module operated
with CMS-FDO is found to be 179 V while the peak output
voltage of a DMCI module operated with CMS-VDO is found
to be 122 V for the same inverter RMS output voltage (Vo) of
85 V. The higher module output voltage for the CMS-FDO-based
DMCI results in a higher switch-voltage stress.

In Fig. 11, the waveforms for the DMCI operated with a load
of power factor 0.9 are shown to demonstrate the abilities of the
CMS-VDO and CMS-FDO to support active as well as reactive
power. Equations (4) and (7) show that for the ideal DMCI,
operated, respectively, using CMS-FDO and CMS-VDO, the
duty cycles are not dependent on the load current or the load
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Fig. 10. Experimental waveforms of the DMCI with (a) CMS-FDO, and
(b) CMS-VDO at R = 30 Ω and g = 1.2. The output voltage of the DMCI
is the purple trace (50 V/div), the output current is the green trace (5 A/div), the
output voltage of module 1 is the orange trace (50 V/div), and the output voltage
of module 2 is the blue trace (100 V/div). The time scale is 4 msec/div.

Fig. 11. Experimental waveforms of the DMCI with (a) CMS-FDO, and
(b) CMS-VDO at R = 30 Ω, L = 40 mH, and g = 1.2. The output voltage
of DMCI is the purple trace (50 V/div), the output current is the green trace
(5 A/div), the output voltage of module 1 is the orange trace (50 V/div), and
the output voltage of module 2 is the blue trace (100 V/div). The time scale is
4 msec/div.

Fig. 12. Input and output currents and switch voltages for one of the modules
(module 1) of the DMCI, which is operated using (a) CMS-FDO and (b) CMS-
VDO. The load resistance (R) is set at 30Ωwhile g is set at 1.2. The orange trace
is the input inductor current (10 A/div), the green trace is the output inductor
current (10 A/div), the blue trace is the drain-to-source voltage ofS1 (200 V/div),
and the red trace is the drain-to-source voltage of S2 (200 V/div). The time
resolution for the horizontal axis is set at 10 msec/div.

power factor. As such, (4) and (7) are also used to operate the
DMCI for the nonunity-power-factor load with a resistance of
30 Ω and an inductance of 40 mH. The results for both the
modulation schemes are obtained for g = 1.2 and the same
RMS output voltage of 85 V.

Fig. 12 shows the waveforms of Module 1 while the DMCI
is operated with CMS-FDO and CMS-VDO and feeds a load
of 30 Ω with g = 1.2. The figure shows that the peak of the
input inductor current for the CMS-FDO-based DMCI is higher
than that obtained using the CMS-VDO-based DMCI. Since the
input voltage for both the modulation schemes are kept the same,
a higher input current for the CMS-FDO-based DMCI implies
that the inverter for this case draws a higher circulating (reactive)
power.

Furthermore, the RMS input (output) inductor current for the
CMS-FDO- and CMS-VDO-operated DMCI, following Fig. 12,
are found to be 3.5 A (3.5 A) and 2.2 A (3.2 A), respectively. The
higher current ripples of the inductors for the CMS-FDO-based
DMCI results in higher copper and core magnetic losses.

Fig. 12 also shows that the peak switch voltages for a CMS-
FDO-based DMCI module are about 21% higher compared to
that obtained using CMS-VDO-based DMCI. This is because
the switch voltage, which is nominally dictated by the blocking
capacitor voltage (that in turn, is the sum of the input and output
voltages of a module), is higher for the CMS-FDO-based DMCI
given its higher output voltage. The higher voltages across the
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Fig. 13. Transient response of the DMCI using (a) CMS-FDO and (b) CMS-
VDO. The load resistance (R) is set at 60 Ω while g is set at 1.2. The input
voltage of DMCI is the black trace (50 V/div), the output voltage of DMCI is the
purple trace (50 V/div), the green trace is the output current (2 A/div), the red
trace is the input inductor current (5 A/div), and the output voltage of Module
1 is the orange trace (100 V/div). The time resolution for the horizontal axis is
set at 4 msec/div.

switches coupled with higher current ripples (alluded to in the
earlier paragraph) also yield higher losses for the switches of
the CMS-FDO-based DMCI.

In Fig. 13, dynamic response of the DMCI operated with
CMS-FDO and CMS-VDO is shown by starting the inverter
abruptly at rated voltage. In case of CMS-FDO operated DMCI
as shown in Fig. 13(a), the output voltage of the modules jumps
from 0 V to the bias voltage, Vin as given by (5) for ωt = 0. The
startup results in LC excitation between the input inductor and
capacitor producing peak input current of 18.6 A. In Fig. 13(b),
dynamic response of DMCI operated with CMS-VDO is shown.
As the required module output voltages given by (6) is 0.5Vm

for ωt = 0 which is lower for CMS-VDO operated DMCI
compared with CMS-FDO operated DMCI, the LC excitation is
lower resulting in peak inductor current is 11.9 A.

Fig. 14 shows the efficiency of the DMCI operated with CMS-
FDO and CMS-VDO for various test conditions. Fig. 14(a) pro-
vides the results of the DMCI for g = 1.2 with varying load. At
full load (R = 30Ω), the efficiency of the DMCI, operated with
CMS-VDO, is found to be 94.77% compared to 91.50% obtained
using CMS-FDO. The higher efficiency of the CMS-VDO-based
DMCI is due to its lower circulating (reactive) power that yields
in reduced conduction, switching, and core losses. For both of
the modulation schemes, the diminished efficiency of the DMCI
at reduced load is attributed to the constant voltage dependent
losses. However, the difference in the efficiencies of the DMCI

Fig. 14. Comparison of efficiencies of CMS-FDO, and CMS-VDO-based
DMCI operated with constant Vo = 85 VRMS for varying (a) output power
and (b) normalized gain.

operated with CMS-FDO and CMS-VDO amplifies further for
lower load. Higher drop in the efficiency of the DMCI operated
with CMS-FDO are attributed to the higher current ripple of the
input and output inductors resulting in a higher magnetic core
losses. At low load (R = 180 Ω), the measured efficiency is
85.03% and 76.11% for DMCI operated with CMS-VDO and
CMS-FDO, respectively.

Inverters are typically expected to maintain a constant output
voltage with variable input voltage [3], [5], [24]. Hence, the
performances of the two modulation schemes for the DMCI are
also compared with variable normalized gain (input voltage) for
a set output voltage, as captured in Fig. 14(b). The difference in
efficiencies of the DMCI operated with CMS-FDO and CMS-
VDO at high g (low input voltage) is found to be small due
to similar reactive power generation and current stress yielded
by the two modulation schemes as discussed in Section III
and shown in Fig. 7. In contrast, the efficiencies of the DMCI
operated with CMS-FDO and CMS-VDO is found to be higher
at low g (high input voltage), as shown in Fig. 14(b).

Fig. 15 provides the estimated loss distribution of the DMCI
operated with CMS-FDO and CMS-VDO for various nor-
malized gain which follows the experimental data shown in
Fig. 14(b). In case of the CMS-VDO, the total switch loss
increases slightly with g due to increase in overall RMS current
through the switches. In contrast, the total switch loss for CMS-
FDO decreases with g due to significant drop in ripple current
as given by (20) resulting in drop in the RMS current through
the switches. The magnetic winding and core losses [12] which
have high dependency on the ripple current decreases with g for
both CMS-FDO and CMS-VDO operated DMCI.
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Fig. 15. Comparison of estimated loss CMS-FDO, and CMS-VDO-based
DMCI operated with constant Vo = 85 V RMS and R = 30 Ω.

Fig. 16. Comparison of output voltage THD of CMS-FDO, and CMS-VDO
based DMCI operated with a constant Vo = 85 V RMS against (a) varying
output power for Vin = 100 V and (b) varying normalized gain with a load of
R = 30 Ω.

In Fig. 15, the winding loss is obtained by considering the
skin and proximity effect on the wire while the magnetic core
loss is estimated using Steinmetz’s equation. The aggregate loss
of the DMCI operated with CMS-VDO remains nearly the same
even with wide g variation. For the CMS-FDO-based DMCI, the
aggregate loss reduces significantly with g (higher input voltage)
due to progressively lower reactive-power generation and ripple
current.

In Fig. 16, the output-voltage THDs of the DMCI operated
with CMS-FDO and CMS-VDO are shown. The THD of the
DMCI operated with CMS-FDO and CMS-VDO for wide load
variation is shown in Fig. 16(a). It is found that the THD is lower

Fig. 17. Harmonic analyses of the output voltage of the CMS-VDO- and CMS-
FDO-based DMCI relative to the fundamental harmonic: Vin = 70 V, 100 V
and 150 V, Vo = 85 V RMS (g = 1.2), and R = 30 Ω.

than 2% for DMCI operated with CMS-FDO while the THD
is lower than 1% for DMCI operated with CMS-VDO. While
the trend of THD is similar in both the modulation schemes for
varying load, the offset can be accounted by higher ripple current
which results in non-linear losses [12]. The THD for varying g
is shown in Fig. 16(b) for both the modulation schemes. The
THD trend is similar to the ripple current dependency shown in
Fig. 8(b).

The output-voltage THD of the DMCI operated with CMS-
VDO is found to be lower than that obtained with CMS-FDO
as corroborated with Fig. 17. The THD originates in the DMCI
due to the nonlinearity and parasitic elements of the inverter
resulting in deviation from the ideal relation developed for the
module output voltages captured by (5) and (6) for the DMCI
operated with CMS-FDO and CMS-VDO, respectively. The
major contributors to the output-voltage THD are the 3rd, 5th,
and 7th harmonics for both the modulation schemes. In Fig. 17,
the odd-harmonic content compared with CMS-VDO modulated
DMCI is nearly half of CMS-FDO modulated DMCI resulting
in an overall better THD.

V. CONCLUSION

This article provides a parametric and experimental compar-
ison between CMS-VDO- and CMS-FDO-based single-phase
DMCI. Unlike the CMS-FDO, in CMS-VDO, the dc-offset volt-
age is varied as a function of the inverter peak output voltage for
duty-cycle generation of each of the two dc/dc converter modules
of the DMCI. Compared to the CMS-FDO-based DMCI, CMS-
VDO-based DMCI yields a lower module output voltage, which
results in lower voltage stress on the switches and lower input
and output inductor-current ripples. CMS-VDO also reduces the
reactive (circulating) power flowing between the two modules,
which enhances the inverter efficiency over a wide operating
range. The analyses described in this article are ratified with
experimental validations. For the DMCI hardware prototype,
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overall, the CMS-VDO-based DMCI yields higher efficiency,
lower switch voltage stress, and lower THD compared to the
CMS-FDO-based DMCI.
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[9] S. Ćuk and R. D. Middlebrook, “Advances in switched-mode power
conversion part I,” IEEE Trans. Ind. Electron., vol. IE-30, no. 1, pp. 10–19,
Feb. 1983.

[10] R. O. Cáceres and I. Barbi, “A boost DC-AC converter: Analysis, de-
sign, and experimentation,” IEEE Trans. Power Electron., vol. 14, no. 1,
pp. 134–141, Jan. 1999.

[11] S. Gupta and S. K. Mazumder, “A differential-mode isolated AC/AC
converter,” IEEE Trans. Power Electron., vol. 38, no. 10, pp. 12846–12858,
Oct. 2023.

[12] M. Mohamadi, S. K. Mazumder, and N. Kumar, “Integrated magnetics
design for a three-phase differential-mode rectifier,” IEEE Trans. Power
Electron., vol. 36, no. 9, pp. 10561–10570, Sep. 2021.

[13] A. A. Aboulnaga and A. Emadi, “Performance evaluation of the isolated
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PWM active-clamp Ćuk DC/DC converter,” IEEE Trans. Power Electron.,
vol. 37, no. 12, pp. 14966–14980, Dec. 2022.

[18] F. Barzegar and S. Cuk, “Solid-state drives for induction motors: Early
technology to current research,” in Proc. IEEE Region 6 Conf., 1982, vol. 6,
pp. 15–18.

[19] B. Han, J. S. Lai, and M. Kim, “Bridgeless Cuk-derived single power
conversion inverter with reactive-power capability,” IEEE Trans. Power
Electron., vol. 35, no. 3, pp. 2629–2645, Mar. 2020.

[20] C. Bao, S. Gupta, and S. K. Mazumder, “Modeling and analysis of
peak-current-controlled differential mode Ćuk inverter,” in Proc. IEEE
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