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Abstract— Conventionally, two stages are used for DC to AC
voltage conversion. In the first stage, the boost converter
provides voltage gain, and the H-bridge inverter provides the
DC-AC conversion in the second stage. The two-stage
conversion process can be reduced to a single-stage with the help
of a new breed of inverter topology, namely differential mode
inverter (DMI). For the same power rating, the single-stage DMI
increases the energy density and compactness of the system
compared to the two-stage. In DMI, using a specific DC-DC
converter module, a higher voltage gain can be obtained. In this
paper, a DC-DC Zeta converter based DMI is presented. The
analysis of single-phase differential mode Zeta inverter (DMZI)
is carried out with two different modulation schemes, namely
Continuous mode modulation scheme (CMS) and Discontinuous
mode modulation scheme (DMS). The steady-state analysis is
performed to investigate the eight-order system. Generalized
analytical expressions are derived, which are applicable to both
modulation schemes. Also, a comparative analysis is presented
to compare both modulation schemes by pointing out the
requirement of maximum duty cycle, the voltage stress on the
semiconductor switches, and system losses. Finally,
MATLAB/SIMULINK results are provided to verify the
analytical expressions.

Keywords— Continuous mode modulation scheme,
Differential mode inverter, Discontinues mode modulation
scheme, Steady-state analysis, Voltage source inverter.

L INTRODUCTION

Increment in power demand and depletion of non-renewable
energy sources motivate the researchers to design compact
and efficient power conversion systems. Moreover, a single-
phase inverter is helpful for any islanded system.
Conventionally, two stages are used for DC to AC voltage
conversion. In the first stage, the boost converter provides
voltage gain and the H-bridge inverter provides the DC-AC
conversion in the second stage. Nowadays, differential mode
inverter (DMI) is gaining popularity due to its compact design
for low-power applications. DMI topology can provide the
bipolar voltage to the load. Moreover, the use of a specific
DC-DC converter module (like boost converter, buck-boost
converter, Cuk converter, zeta converter, etc.) in DMI can
provide a higher voltage gain. Overall, the DMI can convert
the two-stage conversion into a single-stage. Single-phase
DMI uses two identical DC-DC converters (or three in a three-
phase inverter). Each DC-DC converter can be called a
“Module”. All modules have two-quadrant operation
capability with bidirectional current (or power) flowability. In
DMI topology, the input terminal of each module is parallelly
connected with the same DC source, and load is connected
between both module’s positive output terminals, as shown in
Fig. 1. The use of a similar module in DMI gives additional
features such as scalability, modularity, etc. The use of a
simple DC-DC converter is also a striking feature of DMI that

978-1-6654-8057- 4/22/$31.00 ©2022 IEEE

resolves the problem of the maximum unity gain capability of
traditional VSI. The output terminal of DMI can be connected
with the AC grid having input renewable energy sources (like
solar-panel, wind-mill etc.) that can contribute AC power to
the grid. Similarly, a battery storage system (like electric
vehicles and charging stations) can be charged at the input side
in a differential mode rectifier (DMR) at grid-connected
mode[1]-[2].

Slick use of particular modules with efficient modulation
schemes can improve the performance of DMI [3]. Ref. [4]
presents the boost converter based DMI. The use of a
differential mode boost inverter is unable to ensure the soft
starting of load. The buck-boost based DMI cannot provide
ripple-free output current due to the absence of an output
inductor [5]. [6] Cuk-based DMI is a strong candidate for
DMI. However, it has inverting gain. Inverting gain of Cuk
converter requires more circuitry to sense negative output
voltage, which is a cause of slow output response of Cuk
converter [7],[8].

Zeta converter belongs to the buck-boost converter family,
which can increase or decrease the output voltage with respect
to the input voltage. Zeta converter also has an output inductor
that helps to soft start the load. However, the Zeta converter
has the same number of components as the Cuk converter, but
it has the non-inverting gain capability. Non-inverting gain
capability makes the voltage sensing circuit simple and fast to
respond the output voltage, compared to the Cuk converter [9].
Ref. [10] present differential mode zeta inverter (DMZI) with
a continuous mode modulation scheme (CMS). The use of
CMS for DMZI requires more output module voltage v,; and
vo2. Conduction of both modules in a push-pull manner also
increases the conduction and switching losses in the system.
Whereas in a discontinuous mode modulation scheme (DMS),
single module works at a time. Working of a single module in
a complete load cycle reduces the conduction and switching
losses compared to CMS. Also, DMS reduces the module
output voltage level and voltage stress at the semiconductor
switch compared to CMS. Lower voltage stress makes the
system more cost-effective.
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Fig. 1 Generalized circuit configuration of differential mode inverter



This paper is organized into five sections. Initially, Section II
describes the steady-state analysis of DMZI and gives the
generalized analytical formulas for inductor current and
module voltage. Also, an analytical formula for load voltage
is derived. Section III provides a detailed analysis of CMS and
DMS. The variable duty cycle is derived to perform inverter
operation in a particular modulation scheme. In section IV, a
comparative analysis is given to indicate the superiority of
DMS over CMS by comparing the requirement of maximum
duty cycle, the voltage stress on semiconductor switches, and
various losses in the inverter. The MATLAB/SIMULINK
results verify the analytical expression. Finally, section V
concludes the paper.

II. ANALYSIS OF DIFFERENTIAL MODE ZETA INVERTER

A differential mode zeta inverter is shown in Fig. 2, having
two identical modules and sharing the same DC input voltage
source. Load is differentially connected between the positive
terminal of both modules. In DMZI, each module contains two
bidirectional switches (main switch and synchronous switch).
Each DC-DC converter requires a gate pulse of the desired
duty cycle (or) to operate the switch. Here, the variable duty
cycle d; refers to main switch S; of the first module, and duty
cycle d» refers to main switch S3 of the second module.
Synchronous switches (S> and Sy) in each module are
complementary to the main switches regardless of the

modulation scheme i.e. S, =S, and S, =S, . Comparison

of variable duty cycle (d;, d2) with the sawtooth carrier signal
generates the gate signal for particular switches. The voltages
Voi, Vo2, and v, show the instantaneous output voltage of the
first module, an instantaneous output voltage of the second
module, and the voltage across the differentially connected
load, respectively. Moreover, i1, i,2, and i, show the output
current of the first module, second module, and load current,
respectively.

Fig. 2 Differential mode Zeta inverter Circuit

The analysis of a single inverter module is sufficient to
evaluate the steady-state performance of the complete DMZI
system. Fig. 3 shows the one module of a single-phase DMZI
having two inductors L;, L, and two capacitors C;, Cz. The
voltages vy, vi. are the voltages across inductor L;, L, and icy,

icz are the currents through capacitors C;, C, in module-1.
Since both modules are identical in DMZI, similar notations
are used for module-2 as module-1.
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Fig. 3 Single module of DMZI

The modes of operation of the DMZI module are analyzed
with the assumption that both the modules are working in
continuous conduction mode (CCM). In CCM, DMZI has two
operating modes in the positive load cycle as discussed below:

Mode-1 87 0n, S: off (time interval 0 <7 <d,T): In this mode,
main switch S; is closed, and synchronous switch S is open,
as shown in Fig. 4(a). In this interval, inductors, L; and L, are
charged by the input DC voltage source. Equations (1)-(5)
show the relations after applying KVL and KCL at various
loops and nodes.

v =V, (M
Vi =V Ve =V, @)
iy =—i;, 3)
ley =iy~ “4)
V=V (%)

Mode-2 S1 off, Sz on (time interval d,T; < ¢t < T): In this
mode, main switch S; is open, and synchronous switch S is
closed, as shown in Fig. 4(b). Inductor L; and L, are
discharging. Equations (6)-(10) show the relations after
applying KVL and KCL.
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Fig. 4 Equivalent circuit of DMZI module (a) Mode-1 (b) Mode-2

The use of inductor volt-second balance and capacitor charge
balance on (1)-(10) gives the steady-state module voltage
(V,1) and inductor currents (Izs, I12) as follows [11].

d
Vi ==1Vm (11)
dl
dl
I, =d=[ol (12)
1
I,=1, (13)

Similar to the first module, the second module of DMZI can
be analyzed, which works with variable duty cycle d>. Thus,
replacing d; by d», Vo1 by Voo, 1,1 by 152, and so on gives:

d
V ==2 .
02 ‘12 L:n (]»4)
d
[ _=21
L3 d2 02 (15)
I,=1, (16)

Fig. 2 shows that the output current of the first module is the
same as the output load current. Moreover, the output current
of the second module is opposite to the load current,
represented as (17).

io=—i =i (17)

ol 02 o

Due to the differential connection of load, the load voltage is
given as (18). By using (11), (14) and (17), the average load
output voltage can be derived as (19). Also, by using the
mathematical expression, a voltage gain versus duty cycle
curve is sketched in Fig. 5. Fig. 5(a) shows the unipolar gain
curve for module-1. Similarly, Fig. 5(b) shows the unipolar
gain curve for module-2. Fig. 5(c) shows the inverter output
voltage across the load, which is bipolar in nature. Equations
(20)-(23) are derived using (11)-(17), which further gives the
genialized analytical expression for all inductors currents. All
the analytical expressions are valid for both modulation
schemes after substituting the relationship between the duty
cycle d; and d>.
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Fig. 5 Duty ration v/s gain curve for (a) Module-1 (b) Module-2 (c) DMZI

III. MODULATION SCHMEME FOR DMZI

Modulation schemes play a significant role in any inverter.
Mainly DMI can work with two modulation schemes, namely,
CMS and DMS. CMS is the most straightforward modulation
scheme for single-stage DC-AC conversion. In CMS, both
modules are operated with a complementary duty cycle i.e.,

d, = aT1 References [12]-[13] provide more detail on CMS
for the boost and Cuk-based DMI in which both the modules
are working continuously. So, if d;=d, then d,=1I-d (since
d, = Z ). It indicates that a single gate signal can operate the

complete inverter system. In this scheme, S;, Sy are operated
with duty cycle d and S», S3 with (/-d).

Using (11), (14) and (18), the average load voltage (V) and
duty cycle expression for CMS are obtained as given in (24)
and (25), respectively.
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In DMS [14]-[15], only a single module is working at a time.
The first module works for the first half cycle of load voltage,
and the second module is not operated. In the second half
cycle of load voltage, the first module is not operated and the
second module is working. Each non-operating module
provides a return path for the load current. The variable duty
cycles (d;, d>) for both modules are given in (26).

V. sin(ot)
— v, >0
d, =1V, sin(ot)+V,
0 v, <0
(26)
0 v, 20
d, =1 V,sin(0t+n
2 mSln( ) v <0

o

v, sin(ot+m)+V,
Fig. 6(a) and Fig. 6(b) represent the critical waveform of duty
cycles d; and d; for CMS and DMS, respectively. In DMS,
zero duty cycle indicates no switching and conduction action
in switch S; (in positive load voltage cycle) and S5 (in negative
load voltage cycle).
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Fig. 6 Critical waveform of duty cycle for (a) CMS, (b) DMS

After putting duty cycles (d; and d;) for CMS and DMS in
(19)-(23), Table 1 indicates the various voltages and current
expressions for CMS and DMS in the positive cycle of load
voltage.

Table 1 Analytical Expressions for various currents and voltages for

CMS and DMS
CMS DMS
d, d,
Vol :_Vm Vol :_I/m
1-d, 1-d,
1-d,
Vs d_le V,=0
— (2d1 _I)Vin I — dlein
Y14 )R " (1-4,) R
(24, -1)v, __dV,
Lz_dl(l_dl)R " (l_dl)R
3 —T 1,,=0
~(24,-1)7, ~ay,
Iy =—F—~— Ly =777
dl (1_d1)R (l_dl)R
v, =£V;» v, :LVM
d, (1_d1) 1-d,

IV. SIMULATION RESULTS WITH COMPARATIVE ANALYSIS OF
CMS AND DMS

A. Requirement of Maximum Duty Cyecle: In order to
obtain the same output voltage in both modulation schemes,
(25) and (26) are simplified and the corresponding maximum
duty cycle is obtained as follows:

_k-24V4+kK
1,max 2k
k

FOI‘, DMS dl,max Zm

For, CMS d 27

(28)

m

v
Here k is taken as &k = —.
For the same load voltage, Fig. 7 indicates the ratio of the
maximum required duty cycle value for CMS over DMS. A
ratio ((d; cms)ma/(d1 pus)max) higher than unity indicates that
the requirement of duty cycle in CMS is higher than DMS.

1.25

S
T

MS)max/(dDMS)max
[

= 1.05

C
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k(V /V.)

m mn
Fig. 7 Requirement of maximum duty cycle in CMS in comparison to DMS

B. Voltage stress on the switches: From Fig. 4, it can be
analyzed that the peak inverse voltage (PIV) of switches is

V., =V, +V, . It implies that PIV depends on the module
output voltage, given by (11) or (14). Since the (d; cus)max >
(d1 pms)max- This indicates that the switch PIV for CMS is
greater than DMS.

Fig. 8(f) and Fig. 8(g) present the voltage stress across the
switch in CMS. The ratings of all the switches are similar for
CMS. In DMS, the switch rating is reasonably reduced, as
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indicated in Table 2. Fig. 8(m) and Fig. 8(n) show the voltage = three types of losses, switching loss is the major one
stress along the switch S; and S», respectively. Similar voltage compared to the forward conduction and reverse blocking
stress is obtained across the switch S3 and S, with 180° shift to loss. As explained in section III, In DMS, only a single module
S; and S»; therefore, they are not shown in the simulation  is operating for the complete load voltage cycle, which is two

results. in CMS, as shown in Fig. 6. Conduction of a single module
Table 2 Voltage stress across the switches in DMS

reduces the switching and conduction losses in DMS
Load voltage cycle Switch voltage stress compared to CMS. The switch S, has no switching losses in
Positive half Ve =V, +V,, sin(ex) positive output voltage from module perception in DMS, and
V. =V +V sin ( o t) S3is fr.ee f?om switching and §0nducti0n loss. Similarly, Sz has
§2 i m no switching losses in negative output voltage, and S; is free

Negative half Ve =V, from switching and conduction loss.
V, =0 Specifications used for simulation are as follows:

- . Output i t: 50 Hz fi 110 V (RMS) AC
C. Switching losses: Basically, three types of losses occur in upu reqmreme_n Z trequency ( ) i
power electronics converters. These are switching loss, voltage using V;,=80 V. Parameter used for both modules:
forward conduction loss, and reverse blocking loss. In these Cr=6.05 uF, C;=10pF, L;=L>=0.57 mH, f,=25 kHz.
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Fig. 8 Comparison between CMS and DMS-based DMZI:
Variable duty cycle, Module voltage, inductor current, load voltage, Switch voltage stress for (a)-(g) CMS, (h)-(n) DMS

As shown in Fig. 8, simulation results show that for the same
load voltage, the requirement of maximum duty cycle in CMS
is more than DMS, as shown in Fig. 8(a) and Fig. 8(h). The
requirement of a higher duty cycle in CMS causes more
module voltage and inductor currents in CMS as compared to
DMS, as shown in Fig. 8(b)- Fig. 8(d) and Fig. 8(i)- Fig. 8(k).
Since the switch voltage stress is dependent on module
voltage, voltage stress in CMS is more than DMS, as shown
in Fig. 8(f)- Fig. 8(g) and Fig. 8(m)- Fig. 8(n). The waveform
of voltage stress across the switches also follows the
expressions in Table 2 [refer Fig. 8(f)-Fig. 8(g) and Fig. 8(m)-
Fig. 8(n)]. According to analytical expression, for the given
value of parameters, the value of maximum required duty
cycle ((d1 cus) max, (d1 pms) max), module voltage Vo, (or V),
inductor current /1, I12, I13, Ir4 in positive load cycle, should
be 0.703, 189 V, 12.78 A, 540 A, -2.28 A, -550 A
respectively. However, the corresponding values for DMS
are 0.661, 15598 V, 10.54 A, 5.4 A, 0 A, and -5.41 A (in
the same order as in CMS).

V. CONCLUSION

This paper analyzed the performance evaluation of a single-
phase DMZI using two modulation schemes, CMS and DMS.
Simulation results indicate that for obtaining the specified
load voltage, the requirement of maximum duty cycle in DMS
is less than CMS. This results in lesser module voltages,
inductor currents, and switch voltage stress in the DMS. All
analytical expressions followed the simulation results, as
indicated by the simulation results. Also, the conduction of a
single module in a particular load cycle reduces the
conduction and switching losses in DMS. Thereby, DMS
increases the efficiency and reduces the temperature of the
device. Overall, the use of DMS along with DMZI makes the
inverter efficient and power-dense.
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