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Abstract -- The differential-mode Cuk inverter (DMCI) is a
single-stage inverter with low device count. It offers advantages
over other topologies because of compactness, higher power
density, and reduced cost. It is a promising topological
configuration for renewable-/alternative-energy applications with
isolated as well as non-isolated structures. The continuous
modulation scheme (CMS), which was introduced originally for
this inverter, activates all the modules of the DMCI. The new
discontinuous modulation scheme (DMS) deactivates one module
in each half line-cycle leading to discontinuous operation of
modules. This paper outlines the DMS and a mechanism to
realize it. The experimental open-loop and closed-loop results of
the DMCI using CMS and DMS are provided along with a
comparison of their performances. It is shown that, the DMS
reduces the circulating power and hence mitigates the losses. The
voltage ratings of the devices also are reduced with the DMS. In
contrast, the CMS has wider linearity in its normalized dc-
voltage gain and yields reduced harmonic distortion of the output
voltage. For DMS, to achieve comparable linearity in normalized
dc-voltage gain and distortion, harmonic compensation under
closed-loop control is a pathway that has been demonstrated.

Index Terms: Cuk, differential-mode inverter, high-frequency
link, modulation, renewable/alternative energy, single-phase,
single-stage, switched mode power supply (SMPS).

I. INTRODUCTION

For low-cost inverter applications, ranging from
renewable energy to alternative energy to vehicular
applications, with need for galvanic isolation, high-frequency-
link (HFL) inverters have emerged as a potential front runner
[1]-[7]. Such inverter topologies often have a multi-stage
topological architecture to accommodate the high-frequency
transformer that may add to system cost, reliability, loss, and
power density. Typical transformer-less topologies [8] have a
cascaded boost-buck [9] or buck-boost [10] architecture,
which may yield common-mode leakage current for some
applications [11]. For such applications and others, an isolated
HFL inverter topology is a relevant choice. Reference [1]
introduces a bidirectional multi-stage HFL topology, while the
topologies outlined in [2]-[4] support unidirectional power
flow. While several HFL-inverter topologies include a front-
end dc-dc converter followed by a decoupling dc capacitor [1],
other multi-stage topologies preclude the need for an
intermediate dc-link electrolytic capacitor. [3], [4]. Overall,
for low-power applications the cost-benefit tradeoff of a multi-

stage HFL inverter topology requires careful attention. As
such, for low-power single-phase HFL inverter applications,
there is an enhanced thrust to seek single-stage topological
solutions [12]-[26].

Single-stage topologies are categorized [12], reviewed and
compared by literatures [13]-[15]. Reference [16] presents z-
source inverter topologies, while [17] introduces Cuk-derived
single-stage topology. Differential inverters are group of
single-stage topologies that consist of parallel-series
connection of two dc converters. Reference [18] presents
differential buck while differential boost is discussed in
[19],[20]. Differential flyback [21],[22] is one of the candidate
topologies for micro-inverters with three controlled devices
(with two of them being high-side devices) and three diodes.
However, this topology cannot support bidirectional power
flow, which will require additional controllable devices.
Further current on the secondary side of the bridge is
discontinuous in nature. Moreover, the magnetizing current of
the isolation transformers are subjected to line-frequency
components which affects the size of the transformer. The
differential topology introduced by [23] has the line frequency
penetration on magnetizing current of transformer problem
too. Reference [24] introduces parallel-parallel isolated
configurations with Cuk and Zeta converters, but with five
controllable switches.

One topological embodiment for single-stage HFL inverter
is the differential-mode Cuk inverter (DMCI) topology, shown
in Fig. 1, which was originally outlined in [25]. The DMCI
topology [26] comprises two modules, which are connected in
parallel at the dc side and connected in series at the ac side.
The DMCI vyields several useful features [12] that directly
impact the cost, reliability, and power density. The
differential-mode inverter comprises limited number of
switches all of which are low-side driven. Further, the inverter
has the ability to support bi-directional power flow using the
same set of switches and a seamless control. Yet another
feature of the inverter is its ability to support voltage step-up
and step-down functionalities that also enables the utility of
the basic differential-mode topology for even non-isolated
applications. An added capability of the HFL Cuk inverter is
its ability to support line-frequency ripple current without a
large isolation transformer. Due to the presence of the two
blocking capacitors on the primary and secondary sides of the
transformer, the magnetizing current of the transformer is
essentially devoid of any line-frequency current component.
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Finally, the possibility of coupled inductors and transformer
has been introduced in [27], which enhances the compactness
of the inverter and leads to reduced input and output ripples.

The original DMCI topology [25] outlined switching of the
inverter using a continuous modulation scheme (CMS)
[25],[28], in which diagonal devices switch simultaneously
and continuously. In CMS, one module pulls the power while
the other one pushes it. This leads to circulation of power
yielding higher switching and conduction losses. Further, the
continuous modulation of all of the switches implies that a
control system for this inverter sees an eighth-order dynamics
under all operating conditions which has adverse implications
on control bandwidth.

This paper outlines a discontinuous modulation scheme
(DMS) for the DMCI in Section Il along with a description of
the CMS. It builds on the abridged work outlined in [28] by
the authors. It is noted that, [12] suggests the possibility of
discontinuous operation of the modules of the DMCI but does
not provide any details on either the realization of the
modulation or the control scheme. Reference [29] outlines a
discontinuous operation of a six-switch topology that has
similarities with the DMCI but the results are not extendable
to the DMCI under consideration. Further, either of these two
papers does not provide any insight into the performance
comparison between DMS and CMS operation of the DMCI.
In contrast, in this paper, a detailed analysis on the
performance of the DMCI operating with DMS as well as
CMS is provided in Sections Il and IV based on theoretical
and experimental results. These results demonstrate the
positive impact of DMS on the DMCI with regard to
efficiency and reduction in device breakdown voltage rating
while at the same time, requiring relatively complex closed-
loop compensation in order to achieve satisfactory total
harmonic distortion (THD) and transient response. However,
overall cost of the DMS-based DMCI is lower than the CMS-
based DMCI because the inverter requires devices with
reduced voltage ratings and yields reduced power loss and
thermal load. Furthermore, compared to CMS, DMS vyields a
reduced-order topological control of the DMCI yielding the
possibility of an inverter with enhanced stability margin for a
suitably designed closed-loop control system.

Module 1

I:n C. ha 1y
Module 2

Fig. 1. Illustration of the DMCI topology, which comprises two modules
(Module 1 and Module 2).

I1. MODULATION SCHEMES FOR THE DIFFERENTIAL-MODE CUK
INVERTER (DMCI)

In this section, we first outline the CMS for completeness
and then describe the DMS for the DMCI along with the
illustrations for the operating modes and power-flow
mechanisms. Overall, while the output power of the DMCI
using the DMS and CMS remain continuous, the module
power and current using DMS (unlike CMS) is discontinuous;
that is, in DMS, each module of the DMCI is activated in
alternate half of each line cycle.

A. Continuous Modulation Scheme (CMS)

The output voltage (V,,;) of the inverter is the differential
of the output voltages (V,y:q and Vy,.,) of the two dc-dc
converter modules. This results in the following normalized
dc-voltage gain relationship:

Vout _ Vout1

nxVpc nxVpc

_ Voutz _ (L D, ) 1)

nxVpc  \1-D; 1-D,

In (1), V¢ is the dc input voltage and n is turns ratio of the
transformers. The duty ratios (D; and D,) of Modules 1 and 2
(operating using CMS) are related by D, =1 — D,, so the
normalized dc-voltage gain (g) in terms of D, is described by
the following:

Vout _( 2D1-1 ) @)

nxVpc  \Dy(1-D;)

g =

As will be demonstrated later, depending on n, CMS-based
DMCI exhibits relatively linear normalized dc-voltage gain
over a finite range of duty cycle.

For CMS, the diagonal switches (i.e., Qa(Qp) and Q4(Q.)) of
the two modules are fed with the same gating signals while the
two switches (Q,(Qp) and Q(Qg)) in each of the modules are
fed with complementary gating signals. Because the inverter
operates in a differential mode, the inductor currents flow
from one Cuk module to the other. There are 4 modes in all.
Modes 1 and 2 are for the positive half of the line cycle while
Modes 3 and 4 are for the negative half of the line cycle. Fig.
2 illustrates the four modes of the inverter using CMS.

In Mode 1, switches Q, and Qg are turned on while switches
Qp and Q. are turned off. The current flowing through the
input inductor L, increases and the inductor stores energy. The
capacitor C, discharges through switch Q, resulting in a
transfer of energy from the primary to the secondary side of
the top transformer. The energy stored in the capacitor Cy is
discharged to the circuit formed by L, C,, and the load R.
During this time interval, the inductor L4 stores energy leading
to an increase in its current. The capacitor C4 discharges
through switch Qq. For Module 2, power flows from the
secondary to the primary side. The capacitor C. is discharged
to provide the power.

Page 2 of 14



Mode 1
1:n

o

=<H

B
<L
S8

= ’777‘”
+ - £ + + -
Tk a
= Yout 1 +
Ca _,"_ ° C T\ L
i 2 Via
Vi Q J_
o ' D
Cor SV
) Qu +
e e - A
Le C. I:n . Lq
Mode 3 N
La (Ij; IO: ne {«ln Ly
7YYV 1€ vl;
o - -+ +
o
DQJ ?% N
3 Jre— kK
Cin e Con
_‘v ! o Vou
DC
oy | s : D
Ca Ve x
° Qu ”
T i T "R ;v-p-v--+ ~
A L; v 1€ 1: il
4‘ C: n Cy La

Mode 2

L, C, 1:n G Ly
—YYYS {€ 3 ‘aaaa
o v 7l
+ - + + -
® +
* Q 7= Vount »”
Cin . Cut L
—| [}
¢ Vout
\VIK A
S sy /77 o ’ D
Cor 22V :
Q. ° +
C B + + + -
7YVS I€ - ‘aaaa:
Le C 1:n Co Ly
Mode 4
L. |C/ ?;: gh Ly
yvvy G 7l
+ - o e - +
.
i } @ e ®
. Cot L
e %] Ve
Vl)(@ N A
77 | ’ D
Co2 3KV ¥
Qe o +
ni Fippre Ak ’VW'+ ~
? ‘L‘ v 1€ - 7
C. . Ca La

Fig. 2. Modes of operation of the DMCI with CMS.

In Mode 2, switches Q, and Qg are turned off while
switches Qy and Q. are turned on. Capacitors C, and C4 and C,
and Cc are charged using the energy which was stored in the
inductors L, and Ly while switches Q, and Q4 were on. During
this time interval, inductors L, and L. release their stored
energy. Finally, Modes 3 and 4 are similar to Modes 1 and 2
with the exception that the load current is negative.

Fig. 3(a) illustrates the realization of the CMS with control
loop. The output voltage of the inverter (V,,.), the output
voltage of each module (V,,:; and V), the modulating
signal and the duty cycle of Q, are shown in Fig. 3(b). The
output voltages of both modules are always positive and the

Differential
Inverter
"™ Module1 [
Q. Voutt |+
Modulating »'Q h = E
signal + i = 2 V
L o~ Modue? — J|]_ Al T
o Module 2 -
ch v D
Carrier signal 1 | Qu Judl )
N | N S
N
0
1 {
Controller and Lowt(Vout)
compensator +
Ircf(‘;rt'f)

@

minimum voltage depends on amplitude of the modulating
signal, with the CMS. The instantaneous power (p,,:(t))
delivered to the load and the instantaneous powers (pyye1 (t)
and p,,e2 (t)) flowing through the two modules are shown in
Fig. 4(a), assuming a unity power-factor load. Module 1
delivers positive power from the source to the load in the
positive half line-cycle, while Module 2 returns part of it from
the load to the source. A part of the delivered power returns to
the source through Module 1 in the negative half of the line
cycle. The power flow diagrams in the positive and negative
halves of the line cycles are illustrated in Fig. 4(b) and Fig.
4(c), respectively.

- Modulating Signal Vo)
/\/ Voutimax /\ VourV) -
Vout1m|n - \/
T/ T2 3T/4 T/4 T/2 T4 T
Time
. Duty cycle of the Q and Q +Vout(peak)
é*
D
Vout(peak) i
T/4 TIZ 3T/4 T/4 T/2 3T/4
(b)

Fig. 3. (a) Illustration of realization of the CMS for the DMCI. (b) Illustration of the modulating signal, duty cycles of the switches Q. (Qg), output voltages
(Vounand Vouz) of Modules 1 and 2, and output voltage (Vo)) of the DMCI using the CMS.
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Fig. 4. (a) Instantaneous output powers of the DMCI and its two modules when the DMCI is operated using CMS. (b) and (c) lllustrations of power-flow
mechanisms of Modules 1 and 2 during the positive and negative halves of a line cycle.

B. Discontinuous Modulation Scheme (DMS)

The CMS was originally introduced for the low-power
amplifiers of analog circuits [25] with reduced focus on power
loss. For DMCI, and as evident from the illustration in Fig. 4,
one of the main drawbacks of the CMS is that it leads to
circulating power in the converter vyielding extra loss.
Moreover, this circulating power also enhances the peak
current and peak voltage of the switching devices. Therefore,
the main motivation for developing the DMS is to mitigate the
circulating power by activating only one of the two modules
of the DMCI along with the ac-side switch of the inactive
module in negative or positive halves of a line cycle. As such,
and as evident in (3), the dc-voltage gain relation of the
inverter is dependent in a piecewise manner on D; and D,:

Vout _ ( D1

o (_1_1)1) (for V. > 0) or

Vout _ [ D2

nX—VDC = (1—D2) (fOI' Vour < 0) (3)

Fig. 5 shows the modes of operation with DMS. Modes 1
and 2 are for positive half of the line cycle while Modes 3 and
4 are for the negative half of the line cycle. For each of the
modes, a section of the inverter which is inactive is not shown.
The capacitor voltage and inductor current in the inactive part

of the inverter is zero. Thus, the activation of each of the
modules of the DMCI using DMS in alternate half of each line
cycle yields a reduction in the order of the inverter by two as
compared to the system order obtained using CMS. This is
evident in the topological illustrations of the DMCI in Fig. 5
when contrasted with the topological illustration of the DMCI
shown in Fig. 2.

Fig. 6 illustrates the closed-loop realization of the DMS
based DMCI. The output voltage (or current) error signal is
fed back to the controller, which in turn generates the
reference signal for modulation. The modulating signal is
bipolar because the output voltage (or current) is bipolar. This
signal is fed to the two modules alternately depending on the
polarity of the output voltage. Consequently, the resultant
modulating reference signals for each module is discontinuous
in nature, as illustrated in Fig. 6. As evident in Fig. 6, even
though the resultant output voltages (V1 and V,,.,) of the
modules are discontinuous in nature, the differential output
voltage (V,,;) of the DMCI is continuous in form. Assuming a
unity-power-factor  load (for illustration only), the
instantaneous power delivered to the load (p,,:(t)) and the
instantaneous power flowing through each of the two modules
(Powt1(®)and 2 (t)) is shown in Fig. 7(a). The flow of
power flow in the DMCI in the positive and negative halves of
the line cycle are illustrated, respectively, in Fig. 7(b) and Fig.
7(c).
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Fig. 7. (a) Instantaneous output power of the DMCI and its individual modules using DMS. (b) and (c) Mechanisms of power flow for the modules of the
DMCI during the positive and negative halves of the line cycle.
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I1l. ANALYSIS OF DMS AND CMS

This section provides the theoretical evaluation and analysis
of the CMS and the DMS assuming ideal switching condition.
In the following section, validating experimental results are
provided.

A. Circulating Power

As explained in Section I, there is no circulating power
with the DMS operated DMCI. In contrast, the CMS-based
DMCI incorporates active as well as circulating reactive
power, as illustrated in Fig. 4(a). Using the Fryze's definition
[30], one can calculate the reactive power of each module of
the DMCI. Because both modules have the same power
ratings, only one module (i.e., Module 1) is selected here for
the calculation of the active and the reactive powers as
outlined below:

1 T
Pout1 =< Pout1(t) >avg= ;fo Vout1 (t) X Ioye (t)dt 4)

2 — p2 2 — Y2 2 —
Soutl - Pout1 + Qoutl - Voutl(rms) X Ioutl (rms) -

2y Ve ®dex 1 [ By (0dt. 5)

In (4) and (5), pous1(t) is the instantaneous power, P,,;,iS
the active power, Q,,;; is the circulating reactive power, S,,:1
is the apparent power, and V,,.; and I,,; are output voltage
and output current of Module 1. Using (4) and (5), the ratio of
the reactive to the active power can be derived to be the
following:

(6)

1.T o 1.T
Qout1 __ ?fo Voutl(t)dtxffo Ioye(B)dt _
Pout1

3 Jy Vout1(©)XIouc(t)dt]2

Assuming a unity-power-factor load and negligible total
harmonic distortion (THD) for the load voltage and the load
current, we obtain
{ Lout = Ioye sin(wt) )

Voue = Voue sin(wt) = nVpe X g* sin(wt)

where g* represents the peak normalized dc-voltage gain
and is defined to be equal to nZ"T“fC The dc-voltage gains of
D
the DMCI is defined by (2) while the dc-voltage gain of
Module 1 (i.e., g,) is defined by (8) for operation of the DMCI
using the CMS:

gy = omt = (2L) (8)

- nxVpc - 1-Dq

Using (2) and (8), the relation between g and g,is found to
be the following:

g =%+ /(g)z +1. 9)

Using (8) and (9), V,,:1is found to be the following:

* i *gi 2
Voutl = nVDC (g sin(we) + (g Sln(wt)) + 1) (10)

2 2

Substituting V,,;;from (10) and I,,, from (7) into (6) and
simplifying the resultant expression yields:

2
. o 2
f0T<g sin(wt) (g S"Z'(’*’t)) +1> dtx foTsinZ(mt)dt

Qout1 _ 2 -1
. . 2
Poutn [foT(g Slg(mt)+\/(g S';(’“t)) +1)xsin(wt)dt]2
W2
— fg(gislgz(mthl)dtx f(;rsinz(wt)dt 1 (11)
[fng?*sin2 (wt)dt]?
Qout1 gx2+8
=== ’— 12
Pout1 g+? (12)

Note that, V,,; using CMS is a sinusoidal waveform while
Vout1 1S @ non-sinusoidal waveform. Fig. 8 plots the ratio of
Qout1 and P, as a function of the normalized peak dc-
voltage gain as captured in (12). The circulating power is
significant for lower peak dc-voltage gains leading to
additional power loss.

B. Device Rating

Following Fig. 1, the off-state voltage of each device in the
DMCI (Vgq, Vo) is given by the following set of expressions:

Ve
VQb =nle + Ve

600,
550
500

»
o o
(=2 -]

Ipoun) %
g B
=)

out1

Q
@
8

250
200

1585 1 15 2
*
Fig. 8. For Module 1, the ratio of the reactive (circulating) power to the active
power for varying peak normalized dc-voltage gain for the DMCI when the
inverter is operated using CMS. The DMCI has no circulating-power when it
is operated using DMS.
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In the steady state, using V., = Vpe and V., = Ve, (13)
translates to the following expression:
_ Vout1
{ s Vot (14)
Vob = "Vpc + Voura

The voltage ratings of the devices should be designed for
the worst case, which happens at the peak output voltage.

For the DMS-based DMCI, the peak output voltages of
Modules 1 and 2 (V,,.; and V;,:,) equal V.. However, when
DMCI is operated using CMS, the peak output voltage of each
module is higher than the V;,.. These can be expressed as
follows:

{Vo*utl = Vourz = Vour for DMS (15)

out1 = Vour + Vourz(min) ~ for CMS

where V,,,;, (min) is always positive. Equations (15) and (16)
show that the voltage ratings of the devices of the DMCI when
operated using CMS are higher than those obtained using
DMS. The ratio of the peak voltage of the device using CMS
to the peak voltage of the device with DMS can be obtained
by substituting (15) into (14). This ratio is rewritten as a
function of peak dc-voltage gain using (2) and (3):

* * V*
V5a(CMS)  Vgp(CMS) _ Vpct ";f“ (16)

* I - *
V5a(DMS) Vg, (DMS) VDC+V31ut

where Vg,and Vg, are peak voltages of the primary side and
the secondary side devices, respectively. It is noted that, (16)
does not include any device voltage spike, which is dependent
on the load, leakage inductance of the transformer, the off-
state voltage of the device, and printed-circuit-board (PCB)
layout. As such, the actual peak voltages are slightly higher
and (16) indicates an approximate value. Using (2), (8) and (9)
and (16), the device voltage ratio can be written as a function
of g*as follows:

V3a(CMS) _ Vgp(CMS) 144+ | (€241

Voa(DMS) — V4, (DMS) 1+g*

A7)

The ratio Vi, (CMS)/V5,(DMS) as described by (17) is
plotted in Fig. 9. It is always greater than one and the ratio
decreases with increasing normalized dc-voltage gain. The
purpose of calculations and plot is to demonstrate the effect of
modulation on reduction of device voltage rating, which has
modeled well by (17) as shown by simulation and
experimental results as follows. However actual peak voltages
of devices also depend on spikes of the switches. The spike on
Q. is due to discharge of the energy stored in the leakage
inductance of the transformer and parasitic inductances during
the turn off of Q,. It mostly depends on the switch turn-off
time, snubber circuit, energy stored in leakage inductance of
the transformer. The spike on Qy, is due to the reverse recovery
of the diode during the diode turn-off.

Fig. 10 shows the (Saber-based) simulation results for the

peak drain-to-source voltages of Q, and Q, operating with
DMS and CMS. These simulations are carried out using
circuit parameters that match those of the experimental
prototype described in Section V. Using these parameters, the
ratios of Vo, (CMS)/Vyq(DMS) and Vo, (CMS)/Vop(DMS)
are found to be 1.34 and 1.22, respectively, for g* =1,
Vpe = 60V, Vy,: =120V, and an output power (P,,.) of 500
W. This is found to be close to the theoretically-predicted
value as shown in Fig. 9 for g* = 1. DMS also reduces the
current rating of the devices. This is evident from the
simulation results in Fig. 11, which demonstrates the peak-
current waveforms for Q, and Q.
In addition, Fig. 12 shows that, using DMS, a reduction in the
voltage of output capacitor and blocking capacitor or current
ratings of input filter inductor and transformer of the DMCI is
also achieved. These simulations are carried out using circuit
parameters that match those of the experimental prototype
described in Section IV includingg* =1, Vo =60V,
Voue = 120V, and P,,,; = 500 W. Further, all of these results
are captured during the positive peak of the output voltage.

CMS based DMCI at positive peak DMS based DMCI at positive peak
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Fig. 10. Simulation results for Vo, and Vg, obtained using CMS and DMS
when the output voltage attains maximum positive value.
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Fig. 11. Simulation results for I,, and I, obtained using CMS and DMS
when the output current attains maximum positive value.
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Fig. 12. Simulation results showing Vou1, Vs, ILa, and Iy, for the DMCI shown
in Fig. 1 when the inverter is operated using CMS and DMS and when the
output voltage attains maximum positive value.

C. Distortion

The normalized dc-voltage gain of the DMCI is a nonlinear
function of the duty cycle for both CMS and DMS as evident
in (2) and (3), respectively. In order to compare the
nonlinearity of the two modulation schemes, normalized dc-
voltage gains of the DMCI are plotted as a function of the duty
cycle in Fig. 13. It shows that the nonlinearity of the
normalized dc-voltage gain of the inverter using DMS is more
than that obtained using CMS in the given range. The voltage-
gain nonlinearity leads to distortion at the output voltage, but

it only causes limited number of harmonics at the output
voltage. In order to study and compare the nonlinearity effect,
the FFT analysis is done for the ideal open loop output voltage
of DMCI operating with CMS and DMS. The results are
shown in Fig. 14(a) and Fig. 14(b) at different peak voltage
gains for CMS and DMS based DMCI, respectively.
Comparing the results for CMS and DMS shows that
amplitudes of harmonic components of the output voltage of
CMS based DMCI are about 5% at the worst condition, while
DMS based DMCI shows higher harmonic magnitudes. As
second conclusion, the magnitude of 11™ and higher order
harmonics are negligible (less than 0.1%) in practice. Thus,
3 5™ 7" and 9™ harmonics compensators are considered for
output voltage distortion problem. It will be demonstrated in
Section 1V that the nonlinearity effect can be overcome by
using a harmonic-compensation of first few harmonics.

IVV. EXPERIMENTAL RESULTS

This section provides the experimental results of the DMCI
obtained using DMS and CMS. A 500-W experimental
prototype of the DMCI, as shown in Fig. 15 is implemented
and tested using both modulation schemes. A TMS320F28335
DSP based digital controller is used for implementing DMS
and CMS with closed-loop control, which has 150-MHz clock.
Execution time of implemented control loop for CMS based
DMCI takes 1.9 ps, while this duration for DMS based
controller is about 2.6 ps. This means roughly 35% more
execution time of DMS based control for the digital device.
Specifications of the DMCI prototype are provided in Table 1.

Fig. 16 shows the efficiency of the DMCI for an output
voltage of 120 V (RMS) and an output power of 500 W with
normalized dc-voltage gain varying between 0.5 and 2
(corresponding to an input-voltage (Vpc) variation between 30
V and 120 V). The difference in the efficiencies of the DMCI
using DMS and CMS is found to be significant. The
improvement is considerably more at lower normalized dc-
voltage gain and is consistent with the prediction of Fig. 8.

* Voltage gain with DMS

® Voltage gain with CMS

L L L L L L i I L
0.5 0.52 0.54 0.56 0.58 0.62 0.64 0.66 0.68 0.7

0.6
Duty cycle

Fig. 13. The normalized dc-voltage gain of the DMCI as a function of the duty
cycle when the inverter is operated using DMS and CMS.
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Fig. 14. Harmonic analysis of the output-voltage distortion caused by the nonlinearity in the dc voltage gain of the DMCI operated with (a) CMS and (b) DMS.
Magnitudes of the 3, 5, 7 9" and 11™ harmonics are shown as a percentage of the magnitude of the fundamental-frequency component of the DMCI output

voltage for different peak-voltage gains.

Table 1. Specifications of the DMCI experimental prototype.

Input Peak output Output Output Transform Switching Primary-side Secondary-
voltage | |74 ower frequenc er turns ratio frequenc filter inductance side filter
g voltage (Vouc) P a4 y (n) q y inductance
20-120 V 170 v 500 W 60 Hz 2 125 kHz 50 pH 100 pH

Fig. 15. Experimental prototype of the DMCI. It shows the TMS320F28335
DSP based digital controller on the
top feeding the DMCI power stage at the bottom.

95k *Efficiency with the DMS
5 BEfficiency with the CMS
R *
;\?go- _________ R
= | e = —8
R ™™
5 89F
©
i gol
75}
0.5 1 ) 15 2
g

Fig. 16. Experimental efficiency of the DMCI for varying normalized dc peak
voltage-gain obtained using DMS and CMS.

Next, the peak voltages of the switches (Q, and Q.) on the
primary side of DMCI obtained using DMS and CMS are
measured and plotted in Fig. 17(a). It is noted that, the voltage
ratings of the switches on the ac side are proportional to the
switches on the dc side with the proportionality constant being
the transformer turns ratio. To obtain the plot in Fig. 17, the
input voltage is varied between 30 V and 120 V for a constant
output power of 500 W while keeping the output peak voltage
set at 120 V. The results show that the gap between the peak
voltage of the switches using DMS and CMS increases
(decreases) with decreasing (increasing) normalized dc-
voltage gain. The ratios of the measured peak voltages of the
primary-side switches of the DMCI are shown in Fig. 17(b)
and they are consistent with the predictions in Fig. 9 and the
simulation results in Fig. 10.

Next, distortion caused by nonlinearity of the open-loop
inverter operating with DMS and CMS is considered. The
output voltages of the DMCI operating using DMS and the
CMS are shown in Fig. 18(a) and Fig. 18(b), respectively. The
peak instantaneous output voltages for both results are set at
170 V (corresponding to 120-V RMS) while the input voltage
and output power are set, respectively, at 40 V and 500 W.
The DMS vyields a THD of 22% for the open-loop DMCI as
against a THD of 4% obtained by operating the DMCI using
CMS. Further illustration of the problem is provided in Fig. 19
which shows that for the open-loop DMCI, DMS has a
progressively adverse effect of the THD of the output voltage
with increasing normalized dc-voltage gain. As such, a closed-
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loop control mechanism to compensate for the harmonic is
pursued next.

The architecture of the closed-loop controller for the DMCI
is shown in Fig. 20. It comprises mechanisms for harmonic
compensation. The choice of 3, 5" 7" and 9" harmonic
compensation in Fig. 20 is guided by the determination that
when the open-loop DMCI is operated using DMS based on a
sinusoidal modulation signal, the resultant output voltage of
the inverter is found to have appreciable components of 3",
5" 7" and 9™ harmonics apart from the dominant
fundamental 60-Hz (= %22) component with a desired
amplitude of V,,,,, and an initial phase of 8. The choice of the
fundamental and harmonic compensation is based on
proportional-resonant (PR) compensating scheme [31] that is
tuned to keep a balance between satisfactory steady-state
performance and acceptable transient response. The output of
the compensation (i.e., comprising fundamental and harmonic
compensation) block feeds the control command to the
modulator that implements CMS or DMS. The output
switching signals of the modulation block are fed to the
DMCI. It is noted that, when the DMCI is operated using
CMS, the harmonic compensator is not needed; instead, only a
PR based fundamental-frequency controller is used to close
the loop. This is because, and as illustrated in Fig. 13 and Fig.
18(b), the DMCI exhibits almost linear characteristics when it
is operated using CMS.

35
*V",(DMS)

sV*Qa(CMS)

w

o

o
T

*2

Peak voltages of devices(V)
n N
8 [é2)

1985 1 15 3

1.61

1.5r

1.2r

V* o, (CMSY V* _(DMS)

1'6.5 1 1.5 2
gi
(b)
Fig. 17. (a) Experimentally-determined peak voltage of the primary-side
switches of the DMCI with CMS (solid line) and DMS (dotted line). (b)
Ratios of the two traces in (a).

Hor: 3.2 ms/div
Ver: 40 V/div

Hor: 3.2 ms/div
Ver: 40 V/div

(b)

Fig. 18. Experimentally obtained output voltage of the open-loop DMCI
operated using (a) DMS (yielding a THD of 22%) and (b) CMS (yielding a
THD of 4%). Horizontal scales for both results are set 3.2 ms/div while
corresponding vertical scales are set at 40 V/div.
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Fig. 19. Experimentally obtained THD of the output voltage of the open-
loop DMCI obtained using
DMS and CMS as a function of the normalized dc-voltage gain.

Page 10 of 14



sin(myt+0)
Phase

Generator

3ed Order Harmonic
Compensator

5th Order Harmonic
Compensator

7th Order Harmonic
Compensator

9th Order Harmonic
Compensator

PR
Compensator tuned at

Control

Modulator
Command

Switching
Signals

Differential-
Mode Cuk

Inverter

Fig. 20. Architecture of the closed-loop controller for the DMCI.

The closed loop output voltages of the DMCI operating
using DMS and the CMS are shown in Fig. 21(a) and Fig.
21(b), respectively. The peak instantaneous output voltages for
both results are set at 170 V (corresponding to 120-V RMS)
while the input voltage and output power are set, respectively,
at 40 V and 500 W. The DMS yields a THD of 5.5%, while
THD of 5% obtained by operating the DMCI using CMS. Fig.
22 shows the THD of the output voltage of the closed-loop
DMCI operated using DMS and CMS. By comparing the
open- and closed-loop results of DMCI shown, respectively, in
Fig. 19 and Fig. 22, one can observe that the (PR-based)
harmonic compensators reduce the THD of the DMS-based
closed-loop DMCI. In addition to achieving an acceptable
THD, a further goal is to achieve an acceptable transient
performance for the DMCI. Consequently, for the DMS-based
DMCI, the gains of the fundamental and harmonic
compensators have to be so chosen such that an optimal
tradeoff between a lower harmonic distortion and a
satisfactory transient response is achieved. In our present
design, the tuning of the compensator gains are skewed more
towards achieving a reduced THD (as evident in Fig. 22)
because the open-loop dc-voltage-gain response of the DMS-
based DMCI is highly nonlinear, which vyields higher
distortion. This is further evident in Fig. 23. It shows that even
though the topological control of the DMS-based DMCI has to
address a reduced-order system (as evident in Fig. 5) as
compared to the CMS-based DMCI (as evident in Fig. 2), the
transient response of the inverter is slightly slower due to
choices of the gains of the PR compensators. Essentially, if the
proportional gains of the PR compensators are increased then,
while it increases the control bandwidth, it increases distortion
because of the spread in the control spectrum around the
fundamental and harmonic frequencies. This sets an upper
limit on the proportional gains.

@)

-,

(b)
Fig. 21. Experimentally obtained output voltage of the closed-loop DMCI
operated using (a) DMS (yielding a THD of 5.5 %) and (b) CMS (yielding a
THD of 5%). Horizontal scales for both results are set 5 ms/div while
corresponding vertical scales are set at 50 V/div.

5.5 L
*¥THDwithDMS|
BTHDwithCMS e

5t "
3.5
35 1 15 2

*

Fig. 22. Experimentally obtained THD of the output voltage of the closed-
loop DMCI operated using DMS and CMS as a function of the normalized
peak dc-voltage gain of the inverter. It shows a marked improvement in the

THD of the closed-loop DMCI using DMS.
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(b)
Fig. 23. Transient start-up response of the closed-loop DMCI when it is
operated using (a) DMS and (b) CMS. Horizontal and vertical scales for (a)
and (b) are set at 20 ms/div and 25 V/div, respectively.

In contrast, for the CMS-based closed-loop DMCI, the
choice of the PR compensator gain is skewed towards
achieving a satisfactory dynamic response. This is because the
topological control of the CMS-based DMCI has to address a
higher-order system as compared to the DMS-based DMCI,
and additionally, the open-loop dc-voltage gain of the inverter,
as a function of the duty ratio, has a wide range of linearity,
which yields reduced THD compared to the DMS-based
DMCI. As evident in Fig. 23(b), the transient response of the
CMS-based DMCI is better that obtained using the DMS-
based DMCI. However, this improvement in transient
response comes at the price of a slight increase in the THD, as
evident in Fig. 22. Essentially, while an increase in the
proportional gain of the PR compensator increases the control
bandwidth, it also spreads the control spectrum around the
fundamental harmonic. Even though for the CMS-based open-
loop DMCI, the magnitude of the lower-order harmonics
around the fundamental harmonic is small, the spread in the
control spectrum amplifies the response of these lower-order
harmonics thereby slightly increasing the THD for the closed-
loop DMCI.

V. CONCLUSIONS

The paper describes a discontinuous modulation scheme
(DMS) for a differential-mode Cuk inverter (DMCI) and
compares the mechanism and performance of the DMS-based

DMCI to that of a prior-art continuous-modulation scheme
(CMS) based DMCI. An experimental hardware prototype
was developed for the DMCI to validate and compare the
results obtained using the two modulation schemes focusing
on energy-conversion efficiency, device rating, output-voltage
distortion, and transient response of the inverter. It has been
found that DMS, which leads to topological switching of the
DMCI, vyields significant improvement in efficiency of the
inverter compared to that obtained using CMS. This is because
DMS eliminates the pathway for circulating reactive power in
the DMCI. For the same reason, the reduction in the voltage
rating of the DMCI switches is also found to be significant
using DMS.

With regard to the total harmonic distortion (THD) of the
output voltage of the DMCI, CMS demonstrated better results
compared to DMS for the inverter when the inverter was
operated under open-loop control. The DMS-based DMCI has
a better dynamic response because of the reduced order of the
topological control system; however, the DMS-based DMCI
has wide range of nonlinearity in its dc-voltage gain, which
yields higher THD. Consequently, a closed-loop control for
the DMClI-based on harmonic compensation was designed and
the experimental results obtained using DMS demonstrated a
marked improvement in the THD of the inverter output
voltage. The slightly slower response of the DMS-based
DMCI is due to the fact that a higher-order proportional-
resonant (PR) based harmonic compensation for the closed-
loop controller is needed that reduces the control bandwidth.
To address this issue, work is currently underway on an
optimal controller that promises to address this tradeoff
between steady-state and transient performances more
effectively.

A overall qualitative comparison between the DMS- and
CMS-based operations of the DMCI, as implemented
currently, indicates that the DMS based operation of the
DMCI has the potential to yield relatively higher saving in the
power stage due to the reduced requirements of the device
breakdown-voltage, heat-sinking, and power-handling.
However, the DMS-based control scheme, in contrast to the
CMS-based control scheme, vyields a relatively higher
complexity for control implementation.
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