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Power-decoupling of a Multi-port Isolated Converter for
an Electrolytic-capacitorless Multi-level Inverter

Mohammad Sameer Irfan, Ashraf Ahmed, Member, IEEE, and Joung-Hu Park®, Senior Member, IEEE

Abstract — This paper presents a generalized power-decoupling
control scheme using a multiport isolated bidirectional converter
for multilevel inverter, which has multiple DC-links inside. In the
proposed method, a single power-decoupling capacitor is needed
for all the DC-links in the multilevel inverter cell. First, a
prototype of the power-decoupling concept of individual H-
bridge cells in the multilevel inverter is proposed, using a
separate power-decoupling circuit. Then, a more advanced one-
step power-decoupling method is proposed. The lifetime and
reliability of the multilevel inverter is improved as film
capacitors replace the large capacitance electrolyte capacitors. A
multi-input ports/single output voltage-fed dual half bridge
converter (MDHB) is used for the power-decoupling circuit.
Steady state analysis for the peak and root-mean-square of the
MDHB current is carried out for the loss breakdown. The
currents are functions of the switching frequency, phase-shift,
leakage inductance, turn ratio, and output voltage, which make
the multiport transformer design complex. A design methodology
is proposed that takes into account the design of the copper and
core losses as functions of the switching frequency and number of
turns. Furthermore, a special winding method for the input port
is illustrated to obtain identical leakage inductances for the
uniform current distribution in the multiport transformer. The
proposed MDHB employs a current-sensorless power-decoupling
control that contributes to the spontaneous ripple rejection of all
the DC-links without individual link-current information, as well
as to the cost and size reduction. Hence, the ripple-rejection
controller is independent of the control configuration of the
multilevel inverter, and also available for universal applications
of various inverter topologies. Since the primary-input ports of
MDHB share a single magnetic core for interfacing the ripple
power to the unified secondary ripple capacitor, the controller
design becomes difficult in considering the dynamic interaction
among the ports, along with the average voltage-control loop
design. In this paper, the dynamic analysis and controller design
procedure of the circuit is also presented. The power-decoupling
is achieved even when the ripple frequency is other than the
double frequency of the inverter output, since the single-pole
transfer function of the small-signal model of the MDHB allows
sufficient phase-margin, along with high bandwidth. The
proposed power-decoupling method for the multilevel inverter is
validated with the help of simulation and 1.2-kW hardware-
prototype experimental results.

Index Terms— Multilevel inverter, cascaded H-bridge
inverter, multiport isolated converter, multiport transformer,
and active power-decoupling
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|. INTRODUCTION

Recently, power-electronics research has focused on utilization of
renewable energy sources to replace fossil fuel, because of its
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Fig. 1: Configuration of Power-decoupling in CHB Multi-level Inverter with
(a) huge electrolyte capacitors (Ceca, ... Cgem), and with (b) small DC-link
capacitors (Cge, ... Cqem) Of each cell by separate power-decoupling
capacitors (Copas, - -- Copdm)-

deleterious environmental effects. Since multilevel inverter and
multi-port isolated converter topologies have a positive impact on
using various renewable energy sources, and can achieve higher
power and voltages with improved efficiency due to mature
medium power semiconductor technology, they are beginning to
attract attention for power electronics. The multilevel inverter
topology with PV application is considered [1-2]. The adopted
PV model is voltage source in series with a resistor. Compared to
the conventional two-level type, multilevel inverters provide
improved output signal quality, high voltage capability, reduced
common mode voltages, low dv/dt , smaller or even no output
filter, and large (nominal) power with low voltage rating
semiconductors. The main research of the multilevel inverter
naturally focuses on the improvement of the topologies and the
control methodologies. Commonly used topologies of the multi-
level inverters are the cascaded H-bridge inverter, and the neutral
point clamped and flying capacitor [3-4]. For renewable energy
systems, the cascaded H-Bridge inverter (CHB) is one of the most
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commonly used topology among them. Figure 1 (a) shows that in
the topology, every DC-link needs a huge electrolytic capacitor
bank to absorb the ripple power from the H-bridge cells. In fact,
the electrolyte capacitors reduce the lifetime and reliability of the
multilevel inverter modules [5]. As a solution, an extra-circuited
bidirectional power-flow power-decoupling technique has
previously been suggested for conventional full-bridge inverters
[6-8]. However, power-decoupling for multi-level inverters is
rarely mentioned in the previous literature, because of the
technical limitations. Figure 1 (b) shows that a separate power-
decoupling circuit for an individual cell can be a feasible option
for multi-level inverter power-decoupling solutions.

The problem with the configuration may be that the power-
decoupling circuit becomes cost-ineffective and bulky in size,
because of the multiple subsystem architecture, even though there
is no report that objectively assesses this configuration for multi-
level inverter power-decoupling through implementation.
Therefore, a further advanced power-decoupling configuration for
a multi-level inverter will be presented in this paper, which
considers an integrated-type power-decoupling circuit for all the
cells of the multi-level inverter.

Since no power-decoupling circuits for multi-level inverter
have been reported so far, a literature review is conducted in this
paper, based on power-decoupling for a single H-bridge inverter.
Reference [9] mentions a power-decoupling concept for a multi-
level inverter, but did not implement it experimentally. A
symmetric half-bridge circuit is used as a power-decoupling
circuit for a single inverter. Power-decoupling of the multi-level
inverter by the symmetrical half-bridge bidirectional converter
makes the power-decoupling circuit bulky and complex, because
the same number of half-bridges as that of the main cells must be
used for the CHB multi-level. A cell number of ‘m’ leads to m
numbers of magnetic circuits (inductors) and twice (2m) the
number of decoupling capacitors. Meanwhile in the proposed
power-decoupling circuit, there is one magnetic circuit (multi-
port transformer), and one decoupling capacitor. References [10—
12] use a bidirectional buck-boost converter for power-
decoupling of the single cell inverter. This also makes the power-
decoupling circuit bulky, as in Ref. [9]. From the perspective of
control, the voltage in Ref. [9] across the decoupling capacitor
must have approximately w4 phase-shift from the main inverter
output voltage. The output filter of the inverter in Ref. [10] must
be designed according to the supply frequency of the main
inverter. The information of the inverter output current in Ref.
[11] is needed for power-decoupling. Hence, the various power-
decoupling controls of Refs. [9-11, 13] need information from the
output of the main inverter. Due to these characteristics, they are
all dependent on either the inverter’s control, or the filter design;
they therefore lose the capability of universal power-decoupling
control for general multilevel inverters [14-15]. Whereas, the
proposed power-decoupling control scheme requires no
information from the inverter PLL and the filter(s), which makes
the proposed power-decoupling control scheme universally
applicable, and quite simple in design. The comparison between
the proposed technique and buck-boost in [13] is in the following
way. In the proposed power decoupling method, single power
decoupling capacitor is used, however, in the buck-boost
topology[13], three power decoupling capacitor would be used.

And, for each power decoupling capacitor in [13], voltage
controller is needed whereas, in proposed power decoupling
method, only one voltage controller is needed for power
decoupling capacitor voltage. In proposed power decoupling
method(current-sensorless  control), there is no need of
information from the multilevel inverter and in [13], current
information and PLL from the inverter is required for power
decoupling operation. It is the strong benefit of the proposed
power decoupling control scheme and it makes the proposed
power decoupling control scheme universally-applicable and
quite simple design. The proposed power decoupling circuit is
isolated which avoids the limitation on voltage across power
decoupling capacitor whereas the buck-boost in [13] is non-
isolated which restricts the voltage across power decoupling
capacitor. The proposed power decoupling method needs one
magnetic component, multi-port transformer, whereas in [13],
three magnetic components, inductors, are required for three cells
of the multi-level inverter. In the proposed power decoupling
method, single power decoupling capacitor for all three cells of
the multilevel inverter is 100uF on 200V DC-link for
1.2kW,60Hz system whereas in the buck-boost topology[13], the
power decoupling capacitor for single cell is 200puF with 540V
DC-link for 15kW, 233Hz system. For optimized size reduction
and optimized voltage rating, the parameter, Kc,[21], is as in
eq(1)below
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Where, fjine- line frequency, C- power decoupling capacitance, V-
peak voltage across power decoupling capacitor and P- rated
power. The parameter, K., indicates the volume of the power
decoupling capacitor per unit energy. For the buck-boost
topology[13], it is 314.6 = 107 while for the proposed power
decoupling method, it is 196 = 10™2, Therefore, proposed power
decoupling method has benefit of size reduction with lower
voltage rating over the buck-boost topology [13]. It is
summarized in the following Table I.

From the perspective of cost, Refs. [10, 12] require the
information of the DC-link voltage, input current to the inverter,
and voltage across the power-decoupling capacitor per H-bridge.
This leads to m number of current sensors, and twice the number
of voltage sensors for power-decoupling in the CHB (m-cell)
multilevel inverter. Whereas, the proposed power-decoupling
control scheme is current-sensorless, and it needs only the voltage
information of each DC-link and the decoupling capacitor.
Therefore, the proposed power-decoupling control scheme only
requires m+1 number of voltage sensors, which makes the
proposed power-decoupling control scheme very cost-effective.
The number of sensors required for Ref. [9] is higher than that of
the proposed power-decoupling control scheme. In Refs. [9-12],
an average voltage control loop for every power-decoupling cell
is required. Whereas in the proposed control scheme, only one
average voltage control loop is required for power-decoupling of
the entire cells of the multi-level inverter. This makes the
proposed control scheme simpler, and more cost effective.
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Table I. Comparison of the proposed and conventional power decoupling methods

S.No. Proposed Technique Buck-boost [13]

1 It provides isolation among the ports It doesn’t provide isolation

2 By means of isolation, there is no limitation on | In buck-boost power decoupling circuit, the average voltage across
choosing average voltage across power decoupling. | the power decoupling capacitor can be higher or lower than the dc
Therefore, voltage swing across power decoupling | link voltage. It restricts the voltage swing across the power
capacitor is not restricted decoupling which limits the power decoupling capability.

3 It needs one integrated magnetic component(multi- | It requires three magnetic components(three inductors)
winding transformer)

4 It requires one power decoupling capacitor It requires three power decoupling capacitors and hence voltage

controller for each power decoupling capacitor.

5 No information is needed from multilevel inverter | It requires information from the inverter’s PLL for power
outputs for power decoupling control scheme. It | decoupling control scheme. It makes the power decoupling control
makes proposed power decoupling control simple. more complex.

6 Volume of power decoupling capacitor per unit | Volume of power decoupling capacitor per unit energy is higher
energy is  lower as  compared  to | than the proposed technique. (K.=314.6+ 107%)

[11](K=196 = 107%)

From the perspective of capacitor design, all of the
conventional power-decoupling circuits are of the non-isolated
type, which leads to a limitation of the voltage range across the
decoupling capacitor (Copas, --- Copam). Because of this limitation,
the decoupling capacitance cannot be effectively reduced, as it
depends on the average and swing voltage. The proposed power-
decoupling circuit is an isolated type that is free from the step-up
or -down of the voltage range. The following sections discuss the
research challenges, the proposed circuit, contributions of the
paper and the paper outline.

A. Motivational and Technical Challenges

The motivation of the paper is to propose a power-decoupling
method for a multilevel inverter with single power-decoupling
capacitor. Using a large capacitance electrolytic power-
decoupling capacitor for every cell increases the size and cost,
and also decreases the reliability and lifetime of the circuit [16—
20]. Furthermore, by using a separate power-decoupling cell for
each multilevel H-bridge, individual feedback control loops with
separate voltage and current sensors are needed for every power-
decoupling cell, which adds complexity and cost. Therefore, a
multi-input ports / single-output topology is supposed to provide
an ultimate solution to link the ripple power from every DC-link
to a single power-decoupling capacitor. In the multi-port topology,
isolation among the ports is the primary requirement. In
consequence, a multi input ports/ single output isolated
bidirectional topology is necessary to transfer all of the DC-link
ripple power to the secondary-side decoupling capacitor. The
bidirectional dual half bridge (DHB) is considered in this paper,
whereas other bidirectional isolated topologies can also be used
[21]. However, the multi-port transformer design is a technical
challenge, as the currents through the multi-port transformer are
dependent on many factors, such as the leakage inductance,
switching frequency, output voltage, and the PWM phase-shift.
The transformer design process requires details of the current
RMS equation to be developed for loss analysis. Secondly, one of
the main challenges in the design process is to make a uniform
current distribution among the DC-link ports, by ensuring leakage
inductances similar as much as possible. This similar leakage
inductances requirement is preferable to have similar currents’
distribution in the input ports for balancing the currents (heating)
through the primary windings.

One more challenge in the design is to block the power-flow
interaction among the input DC-link ports. Another challenge for
obtaining the power-decoupling application in the multi-level
inverter is the control scheme. The control scheme should be able
to efficiently transfer the ripple power from each of the DC-links
of multi-level inverter cells to the power-decoupling output port.
In particular for universal application of the power-decoupling
control scheme, a further challenge exists, namely the elimination
of the synchronization with inverter Phase-Lock-Loop (PLL).
This is essential to guarantee that the controller will operate well
with various kinds of multi-level inverter topologies or PWM
methods, when the PWMs of the multi-level inverter cells are not
in-phase with the main inverter.

Finally, the input ports of the transformer are magnetically
coupled in a magnetic core, and that increases the complexity of
the challenge in the transient analysis to design the capacitor
voltage power-decoupling controller.

B. The Proposed Circuit and Control Methodology

Figure 2 shows the proposed power-decoupling circuit for the m-
cell multi-level inverter. The power-decoupling circuit has m
number of input ports, input port 1, input port 2, ..., and input
port m, which are connected to the corresponding m DC-links of
the multilevel inverter, DC-link-1, DC-Link-2, ..., DC-Link m.
The input ports of the power-decoupling circuit are linked with
the power-decoupling output port by the same magnetic core.
Each input port and the power-decoupling port are regulated by a
dual half-bridge (DHB) bidirectional phase-shift converter. The
power decoupling port is connected to a power decoupling non-
electrolytic capacitor.

With the help of the proposed power decoupling method, all of
the DC-links’ ripple powers are collected at the output power-
decoupling port, in the power stage. The DC-links’ ripple powers
are then transferred to the power-decoupling port by the phase-
shift modulated between the input and output ports and the
voltage-feedback control scheme. Therefore, the power
decoupling capacitor has to decouple the aggregated double
frequency ripple power. Therefore, the capacitance, Cd, required
for the power decoupling for power, P, is given by eq(2) [21] as
below:

P
G = (2)

znfl'r!evn-pd‘ﬂ%pd
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Where, V,,4 is the average voltage, 4V, is the voltage ripple

across the decoupling capacitor, P is the multilevel inverter output
power and fline is the line frequency of the multilevel inverter (60
Hz in this case).
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Fig. 2: The proposed single decoupling capacito\r\bbwer-decoupii/ng
circuit for a cascaded H-bridge multi-level inverter.

In the proposed topology, the total decoupling capacitance is
100uF in the output of the power decoupling circuit for power
rating of 1.2 kW. This is with ¥,,5=200 V, A¥,,;=160 V and
10 % voltage ripple in the DC-link voltage. Whereas, with the
conventional method, the total decoupling capacitance is 795.8
uF for all the three cells of the multilevel inverter i.e each DC-
Link should have 265.3 uF for 200-V DC-link voltage with 10 %
voltage ripple. This is not taking into account ripple current
capabilities as film capacitors have higher ripple capabilities.
Therefore, with the proposed power decoupling method, the
decoupling capacitance is reduced by 7.96 times.

The transformer gives an additional design freedom for the

voltage-swing range of the decoupling capacitor, which
contributes to the capacitance reduction at the output. The similar
current (or heat) distribution in the primary windings of the
transformer (or input ports) is achieved by having the leakage
inductances similar as much as possible. This requirement of
similar leakage inductances is not a necessity for the proposed
power decoupling method.
Although this paper is concerned with single-phase topology, the
proposed method is more effective with three-phase systems. In a
three-phase system, the power-decoupling capacitor can be
further reduced.

The proposed power decoupling control scheme is based on
voltage dynamics and it has one ripple rejection loop for each port
and one average voltage control loop for regulating average
voltage across power decoupling capacitor. The single pole
behavior of proposed circuit gives the simple control and, also,
the high bandwidth of ripple rejection controller can be achieved.
The proposed control scheme is dependent on voltage dynamics
with optimal number of voltage sensors. There is no need of
complex DC-link voltage reference estimation of each cell in the
multilevel inverter. The proposed power decoupling control
scheme has the advantage of requiring no information from the
multilevel inverter and it makes the proposed power decoupling
method to be applicable to any kind of inverter architecture.

C. Contribution

This paper presents a solution for multilevel inverter power-
decoupling circuits to eliminate electrolytic DC-link capacitors. A
multi input-port / single-output bidirectional voltage-fed DHB
converter is proposed as the power-decoupling circuit. The
contributions of the paper are summarized as: (1) A single power-
decoupling capacitor is proposed for power-decoupling of all the
multi-level inverter cells. The ripple power, generated in all of the
DC-links of multi-level inverter, is coupled by a single power-
decoupling capacitor at the output port by a multi-input
ports/single-output transformer of an isolated bidirectional
converter. (2) Design-oriented steady-state analysis for the multi-
input port / single-output dual half-bridge is carried out, based on
the fact that the peak and RMS currents in the converter are
dependent on many factors, like switching frequency, phase-shift,
leakage inductance, turn ratio, and output voltage. In the analysis,
RMS current equations are obtained for the purpose of optimizing
the losses. (3) A design methodology for the optimal power
distribution in the multi-winding transformer is presented. For
uniform power distribution among the windings, similar currents
in the input ports are required. From the operating principles of
the phase-shift DHB topology, similar leakage inductances are
desirable. Therefore, a method to wind the input ports’ windings
is discussed to obtain similar leakage inductances. (4) Since the
input ports of the converter share a common magnetic core, the
transient analysis process becomes challenging for the design of
the output voltage controller. Hence, the controller-design for
multilevel inverter power-decoupling is also developed in this
paper, and (5) a generalized power-decoupling control scheme is
presented for the multi-level inverter. The proposed power-
decoupling control scheme is of the current-sensorless type. The
current-sensorless configuration offers the advantage that it needs
no information from the main inverter, even the PLL. An average
voltage power-decoupling controller is used for all the ripple-
rejection loops. The single-pole characteristic of the small-signal
transfer function of the multi-port DHB converter makes it more
suitable for the design of a high-bandwidth ripple-rejection
control loop. The proposed power-decoupling controller ensures
power-decoupling performance, even when the ripple power at
the DC-link of multi-level inverter cell is higher than the double
frequency.
The contributions of the paper mentioned above make the
proposed concept a promising and advanced configuration for
multilevel inverter power-decoupling.

D. Paper Outline

This paper is organized as follows: Section Il describes the
steady-state analysis multi-port DHB. Section Il then carries out
a multi-port transformer design. Section IV gives the details of
the transient analysis and controller design. Section V presents
the simulation and experimental results for verification of the
proposed multi-level inverter power-decoupling method. Finally,
Section VI concludes the paper.

Il. STEADY-STATE ANALYSIS OF THE MULTI-PORT DHB

As aforementioned, the multi-port DHB converter has a multi-
port transformer that needs careful design consideration to
achieve a converter with feasible efficiency. The efficiency is
optimized by reducing dominant losses in the transformer.
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Therefore, steady-state analysis of the converter is carried out to
obtain the RMS currents’ expression through the design
parameters of the multi-port transformer.

Figure 3 shows the power stage diagram of the multiport
bidirectional DHB converter. In the figure, the voltage sources,
Vin-m, each with the resistance, R;,., are taken as power sources
for each cell of the multilevel inverter. In Fig. 3, vac1, Ve, ---
V.m represent the DC-link voltages of each port of the converter,
iLq, Lo, ..., ium represent the currents through the input port of the
multi-port transformer, V1, Vip, ..., Vpm Mean the voltages across
the input port windings, Ly, Ly, ..., Lym represent the leakage
inductance of the multiport transformer, npy, Ny, ..., npm represent
the number of turns of the input port windings, ng represents the
number of turns in the output port winding, and V., represents
the output voltage, respectively.

The power transfers between each input (P,;) and an output port,
or between the input ports (Py), are dependent on phase-shift,
leakage inductance, and the turn ratio. The power transfer can be
realized from the power transfer equations given in Egs. (3) and
(4):

I'"d-:—il"r.-pd

Py = gilr —lg;l) i =1.2..m @)

eminip;f

_ Vir—iVde-k

Py = opm —legD ;ik=12.m (4

emnlpif
where, V. is the input port voltage of the i port, Vgex is the
input port voltage of the k™ port, Vpa is the output voltage, L;is
the leakage inductance of the transformer referred to the
corresponding input port side of the transformer, L is the

leakage inductance between the i and k™ port referred to the i"

Rina I, @,

Cp T
Fig. 3. Power-stage circuit diagram of the multi-port bidirectional DHB
converter.

port, f is the switching frequency, @i is the phase-shift between
the i™ and k™ port, and ¢; is the phase-shift of the output port with
respect to the input port. Equation (4) clearly shows that the DHB
topology is based on the phase-shift control, as the power is
dependent on the phase-shift. Since there is a chance of power
transfer between the input ports, the controller maintains the
switching in-phase among the input ports. Then, the total output
power becomes Eq. (5):

Fy=ZL Py (5)

The phase shift for every port has its own phase shift which could
be different from other ports. Every phase shift is controlled by
for ripple rejection in its corresponding port. However, for
simplification of steady-state analysis, the phase shift angles for
every port are assumed to be equal. The key waveforms are
shown in fig.4 with equal phase shifti.e @; = @. = @; = @,
The multi-port DHB converter has four operating modes. The
duty cycle is taken as 0.5 for balancing of the capacitors. The
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Fig. 4: Key waveforms for the multi-port DHB converter with
Vapa
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currents through the multi-port transformer are dependent on the
leakage inductance, switching frequency, phase-shift, output
voltage, and turn ratio. The current shape changes to the voltage
relationship between the input voltage to the primary side, Vdc-i,
and the output voltage, Vopd (in Fig. 3). Ipa-i and Ipb-i are the
currents at the end of | mode and Il mode, respectively. Equation
(6) gives the expressions for the currents:

Ir.n:—l' =

IIIrrh' |+_1_ nLp; Lﬂpd

S i=1.2..m(6)

r
1’dr |‘|'_1 nl pLII‘D?SId

4wl |_

Ig:li:—l' = i

Equation (6) makes clear that when V.is greater than V, the
peak current of the transformer is Iy, When V4 is greater than
Vi the peak changes to I, This also implies that the peak
current of the transformer is dependent on the voltage difference
of the input and output voltage. The currents, I,,;and I, are also
inversely proportional to the leakage inductance and the
frequency. For fair distribution of current among the input port
windings, Eq. (6) implies that the leakage inductances should be
identical for the same power transfer, as the DC-link voltages of
all of the input ports are equal.

Avoiding the complex expression for RMS current through the
transformer primary side, |l msi, the RMS current, I s iS
obtained in terms of I, and Iy The instantaneous currents
through the primary side of the transformer are obtained for each
mode as:

Mode | ) ]
i) (wt) ="‘“'ﬂ$mt—1_ﬂb_,-= i i(wt) i=12..m (7)
Mode 11
L. —I._ .
i, (wt) = {”H'_—(;"'} (wt — i) + Ipg; = io;(wt) ;
L
i=12..m  (8)

From the waveform of i_;in Fig. 4, the RMS expression of i,_jcan
be written as:

IEy =2 [ fwtddwt + [ E(edet] ; i=12..m (9)

From Egs. (7), (8), and (9),

. U::u +Hip |:: EETY I
rﬂ:ll'{Wt]dﬁdt:T_h( )"'Iﬁr;- P hl {Ina it

EIEI}(PI pi=L2Z..m
(10)

And,

f i3 () deot = 13,_(m — ) + - ;)
@

3

I_iJc—l']I- + (:'T - le']rpc—l'{rpb—l' -

i=12..m

{I_ui:—l' -

(11)

On substituting Egs. (10) and (11) into Eq. (9), the transformer
primary RMS current is obtained as in Eq. (12):

I_z:lc:—l') :

1
Tirme—i = (37

(3m— Zt.lpl':l"rsﬂ—l' + ‘ng'[:*rsb—l'_ ‘!_i:lc—l'*rpi:l—l':l + ]
N

(m— 'Fl':'(I_nE:—l' _I_nc—l'J(‘rpb—l' + gfpc—f]
i=12,...m(12)

The expression for the transformer secondary side current is as in
Eq. (13):

. om
1
Toge_yme = n_ n_rJl'ILrﬂ:.s—l'

izl

(13)

From Eq. (12), the transformer RMS current can be limited by 1,
and Iy Therefore, I mei and lgems are functions in leakage
inductance and the switching frequency for the same power level.
This dependency of the currents makes the conduction losses
dependent on the switching frequency.

I1l. LOSS ANALYSIS

A.Multi-Port Transformer Design

The conventional transformer design is based on the RMS current,
number of turns in the windings, switching frequency, and
expected loss limit, and the current through the transformer
generally, not depending on the switching frequency. However, in
the multi-port DHB converter, since the transformer currents are
dependent on the switching frequency, the conduction losses in
the multi-port transformer also become dependent on the
frequency. Hence, the multi-port transformer is not straight-
forward, but very complicated. Figure 5 summarizes the design
process in a flowchart. In the design process, the power, DC-link
voltage, output voltage, and expected loss limit in the transformer
are first defined. In the multi-port DHB converter, because the
currents can be different with switching frequency variation, even
for a fixed power capacity, a range of switching frequency is
chosen to minimize the losses. Then, the phase-shift is calculated
to have the rated power. With respect to the calculated phase-shift
and the switching frequency, the RMS currents of all windings
are obtained. The range of number of turns is selected based on
the inductance. Then, the limit value of the magnetic flux density
of the chosen core is checked. If the magnetic flux density is
within the limit, then the copper and core losses (P .i) are
calculated, in order to compare and find the minimum value. If
the magnetic flux density is out of the limit, then the core size is
updated, so that it can withstand the maximum magnetic flux
density. In this manner, the total losses are obtained for the entire
range of the switching frequency and number of turns, and the
minimum loss found with the corresponding switching frequency
and number of turns.

In the multi-port transformer, the copper loss equation is as

below:
pLMLT] -
e ng:lLII.‘rﬂ;.s

P = (14)

where, p is the resistivity of wire, MLT means the length per turn,
W, is the core window area, K, is the winding fill factor, n,, is the
number of turns in the input port 1 winding, and I, the total sum
of the RMS current of all windings referred to the input port 1
winding. The sum of the RMS current of all the windings referred
to input port 1 winding is given by eq. (15):
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Fig. 5: Flowchart of the multi-port transformer design process
according to the loss constraint.

L] ng
Ttrms = FEL:ILrWJ—l' + :Ispr—rws (15)
The core loss is given in eq. (16):
Frore = af "BY LAl (16)

where, B is the magnetic flux density, A, is the core cross-section
area, |, is the mean magnetic length, a = 3.5, x = 1.4, y = 2.5, and
L, is given by eq. (17):

b—eT +dT* forall other tmpemtures} (A7)
1 forT=100°C

b=0.88, ¢ =0.013, and d = 0.000142, and T = 50 °C.

L, =

Then, the core size of the multi-port transformer is obtained by
optimizing the flux density [22]. The flux density B(t) is

optimized by the number of turns and switching frequency as eq.
(18):

1
B(t) = J‘v{t]n’t (18)
nr_,,-.-flf
So, the total Loss, P, is obtained as in eq. (19):
B =Foret By (19

The equations show that the conduction loss in the multi-port
transformer is minimized by the number of turns in the windings
and the switching frequency, as the RMS currents are dependent
on the switching frequency through the multi-port transformer.
For consideration of the complex dependency of the copper loss
on switching frequency and the number of turns, contour plots of
their relationships are obtained. Figure 6 shows the contour plot.
The plot shows that the innermost contour is the lowest total loss
region in the design procedure. So, the red dotted line means a set
of the lowest number of turns at a specific switching frequency.
Hence, the number of turns on the dot is recommended for the
optimal copper design. In this paper, the design specification of
the switching frequency for the hardware experiment was 30 kHz,
and the number of turns was selected as 50, as shown in the figure.
The frequency was fixed, to avoid a resolution problem of the
digital controller (TMS28335, Texas Instrument). Since the DHB
controller operates based on the phase-shift control among the
legs, 1° phase-shift of the 30-kHz PWM corresponds to 0.092
usec, which is shorter than the 2-clock time-span of the 18-MHz
DSP. So, a higher frequency than this is impractical for
implementation of the DHB converter. If a high clock-speed DSP
can be used, then the switching frequency can also be enhanced.
From the figure, it is supposed that the total loss with 30 kHz

100

60

Nurnber of Turns

40 43
Switching Frequency (kH.

N o

Fig. 6: Design contour of the total transformer loss (P.) vs. number of
turns in the input port 1 winding (ny1), and switching frequency (fs).

would be in the range of 2% of the total output power.

The multi-port DHB converter is also supposed to have an
equally distributed power transfer from the individual ports to the
output, due to the power delivery characteristic of the symmetric
cascaded H-bridge multi-level inverter. So, to guarantee a
uniform loss distribution in the multi-port transformer, the
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average current through each winding should be uniform for
identical power transfer from each input port to the output port.
For the current uniformity of the multi-port DHB converter, the
leakage inductance of each winding should be identical, as the
winding currents are dependent on the corresponding leakage
inductance. Therefore, a similar leakage inductance of each input
port winding of the multiport transformer is a mandatory design
requirement for uniform loss distribution in the multiport
transformer. The methodology described to achieve equal or
similar leakage inductances in the transformer is not a necessity
for the proposed power decoupling circuit. Proposed power
decoupling circuit works with other winding methods for
multiport transformer. The methodology for obtaining the similar
leakage inductance of the transformer is based on having similar
flux leakage of each primary winding with respect to the
secondary winding of the transformer. For similar flux leakage of
the primary windings with respect to the secondary winding, the
geometry of each primary winding with respect to secondary
winding should be similar. For having the similar geometry of the
primary windings with respect to the secondary winding, the
primary windings of the transformer are twisted.

Figure 7 shows the particular manner in which the input windings
are wound for similar inductances. First, the input port windings
are transposed to each other, as shown. However, the transposing
of the windings may give rise to insulation breakdown, due to
proximity and heating in the winding. This problem can be
avoided by using a heat-shrink tube surrounding each winding, to
secure the necessary distance. The bundle of the transposed input
ports windings are then wound around the core. Figure 8 shows
the produced-in-lab multi-port transformer. By transposing the
input port windings, the obtained leakage inductances are 32, 35,
and 37 pH, which are close enough to one another to conform to
the symmetry power handling.

Input Port | Winding

Input Port 2 Winding

Input Port 3 Winding

Fig. 7: Input ports’ winding transposition.

/o
e N
/
’ Pt
;\\Pon 2 terminal /"

Port 3 terminal *

Port 1 terminal

Fig. 8: Multi-port Transformer for the hardware prototype.

B.Half-Bridge Loss Analysis

For consideration of the transistor bridge losses, there are
switching and conduction losses. The switching losses in the
transistor bridge are considered as negligible because of the
capability of zero voltage switching operation in dual half-bridge
topology. Therefore, significant losses in the transistor bridge are
the conduction losses. The conduction losses in the bridge are

considered in the following way. The transformer primary-side
current and switch current waveforms are shown in fig. 9.
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=
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I
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(b)
Fig.9: (a)Schematic diagram and (b) Transformer primary-side
current and high-side and low-side switch currents waveform

The high-side switch current, Iy, and low-side switch current, I,
can be related to the transformer current as in eq.(20)

I =lgz = """EI:J' =lq

(20)

Therefore, the conduction losses in one transistor bridge is as in
eq (21)

(21

Fov = 2 5y7050n = 11i%050m
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where, rps,n represents switch resistance. B =I5i(rpson + 1) (22)
The conduction loss, P, including corresponding transformer

winding resistance, r is as in eq. (22) From eq. (22), the switch resistance, rpson, is neglected because it
is very small as compared to the winding resistance, r;.

cf 4 su | TMS32028335 - N
Vea 7 |k " [ —

Load

101BI0UA0) N

~c:D‘~'
[0 Sm

AALIDAUY AN Y
03 AN

Vaenls)
—

(b)
Fig. 10 (a) : Physical schematic diagram for proposed single-capacitor power-decoupling control scheme for m-number of H-bridge multilevel inverter and
(b) Mathematical small-signal model for proposed single-capacitor power decoupling control scheme for arbitrary (m) number of input ports.
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The switch resistance can also be considered by eq. (22), however
in our case, since the switch resistance is very small as compared
to the winding resistance, it is neglected. The transformer current
is minimized by design algorithm of the transformer. Hence, the
losses are minimized.

IV. CONTROL METHODOLOGY AND DESIGN

In this section, the proposed control methodology and control
design is discussed. These are as followings.

A. Control Methodology

Figure 10 shows the controller configuration of the proposed
power-decoupling scheme for the multi-level inverter. The figure
shows the ripple-rejection control loop for each cell of the
multilevel inverter, and also shows one average-voltage controller
regulating the voltage across the output power-decoupling
capacitor. The proposed power-decoupling control scheme is

based on the voltage dynamics only, i.e., a current-sensorless type.

In the ripple rejection controller, the instantaneous DC-link
voltage (Vg1 to Vg m, respectively) is fed to a Pl compensator,
and compared with a zero reference, after the DC-component is
filtered by a high-pass filter. The zero regulation means the
elimination of the entire AC component, including the DC-link
double-frequency voltage ripple. An anti-winding up controller is
shown, which is to avoid the saturation of the PI controller. The
current-sensorless control is possible due to the inherent fast (one-
pole) dynamic characteristics of the DHB converter topology. The
ripple rejection controller includes an auxiliary feed-forward
controller, instead. So, the proposed controller is a voltage-fed
feedback-feedforward hybrid type.

The proposed power decoupling control scheme has two
controllers one is for ripple rejection and other for maintaining
the average voltage across power decoupling capacitor. The ripple
rejection controller consists of Pl controller and feed-forward
controller. In fig. 10, the ripple rejection controller removes,
besides the double frequency component, other frequencies above
20Hz too. Resonant controllers can also be used in the proposed
power decoupling control scheme, however with some multilevel
inverter, the frequency components available at DC links are not
pure double frequency component, i.e. it could have higher or
lower frequency components at the DC links. Therefore, the
proposed power decoupling controller is more generalized one.
All the design parameters of the ripple rejection controllers are
such as kyn, Which represents the proportional controller gain,
and ki, which represents the gain of integral one, with two high-
pass filters. In the average voltage controller, Kyy.pq represents the
gain of the proportional controller, and ki represents the gain of
integral one. Since all the feedback information is from the DC-
link node, not from the inverter, the proposed power-decoupling
control scheme is independent of the control configuration of the
following multi-level inverter. It is a serious advantage for the
proposed controller scheme, because the feature enables the
power-decoupling circuit to apply universally to any kind of
inverter topology /architecture. Furthermore, operation without a
current-feedback controller avoids the complex DC-link voltage-
reference estimation of each cell in the multilevel inverter, which
adds a strong benefit to the controller design process, which is
simplified by the decoupled main-inverter and power-decoupler
controllers. Finally, conventional schemes require a two-loop
controller, one loop for suppressing the double frequency voltage
ripple, and the second loop for controlling the average voltage

across the power-decoupling capacitor. So, the total number of
loops required for the m-cell multilevel inverter is 2m. In

Table 1. Key parameters for the controller
design.
CIRCUIT PARAMETERS VALUE
Output Power 1.2 kW
Decoupling Capacitor 200V
voltage
DC-Link Voltage 200V
Phase-shift 34 Deg
Leakage Inductance of
the port Ly 32pH
Inductor on secondary
side of the transformer L 13 pH
Cpi 50 pF
Cs; Copd 50 IJF, 75 [JF
Transformer’s winding 56 /50
turns
Equn{alent source 206 Q
resistance Rin

comparison, the proposed scheme requires m + 1 number of loops,
composed of m-number of loops for the double frequency
voltage-ripple reduction, and one control loop for controlling the
average voltage. This feature contributes to the simplified design
process and low manufacturing cost.

B. Control Design
Since the proposed power-decoupling control scheme is based on
the voltage dynamics only, the transient analysis includes the DC-
link voltage dynamic response. Also, the multilevel inverter uses
a phase-shifted PWM modulation. So the small-signal transfer
functions for the DC-link and average-capacitor-voltage from the
phase-shift are given as egs. 24(a) and 24(b) [21]:

Voulm — 20) 2 .l — @Mr — 20)
—:-‘*—(s +R_C3')+ Vo

5 g 2nwlC, Erwl)?C,C,
= = } } ; T - = Gpge_i(s)
i :+7( L, J.:Is_'_ 1 (B(R—B]] 4
ST A\RnC, TRCYS T TGN\ 2mal RinC,RC;
(24a)
PL-(:T_EGJ( 2\ ., lr— 0w —20)
B 2mwlCy S+R,-ﬂc_ﬂ) Va0 T B alyIC, Ll o
B :+9( 11 ] i (e(n—e])-+ 4 vopd
ST E\RLC, TRC TG\ 2nwl RinC,RCS
(24b)

Figure 10(b) shows the mathematical small-signal model for
proposed single-capacitor power decoupling method for arbitrary
(m) number of input ports. The design procedure is performed
with the system parameters given in Table II. The first step is to
design the ripple-rejection voltage-feedback (Vy;, where i =1, 2,
...., m) controller for each input port, with neglecting the average
ripple-capacitor voltage (V,,) controller. The ripple rejection
controller includes two sub-controllers: (1) PI controller, and (2)
feed-forward controller. First, by neglecting the feed-forward part,
the PI controller is designed for each input port, and then the
feed-forward controller is designed. The main issue of the design
procedure is that since the DC-component of the DC-link is
controlled by the main inverter controller, the ripple rejection
control loop should exclude the DC component in the feedback
information while it has a high loop-gain at the ripple frequency,
120 Hz, and other side-band harmonic components. After the
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ripple rejection controller design, the second step is to design the
ripple-capacitor average-voltage controller along with the closed
control-loop of the input-port ripple rejection controller. The key
point in the design is that it must allow the ripple frequency, 120
Hz, and other harmonic components of the voltage to swing freely
around the average voltage value, in order to fully absorb the
ripple components from the DC-link. Hence, it is preferable to
design the average voltage controller bandwidth to be far lower
than the ripple frequency.

A more detailed design procedure of the proposed power-
decoupling control scheme is described as follows.

First, the Pl controller for the ripple rejection controller is
tentatively designed without the outer ripple-capacitor voltage
loop. The loop-gain of the PI controller for the ripple rejection
controller, Tyqepi(s), is derived from the figure as in eq. (25):

Tud:—pl"is] = HPF(s)Plyg._i(s)Gpgc_i(s) (25)
Where, i
. kl’d;’—l’ _ 5"
PIL'dr—l"is]_'def—l"l' 5 ; HPF{SJ_S:+?E£¢:I 5+ @l
L4 0y ¢

After designing the PI controller for each ripple rejection
controller, the other controller in feed-forward is designed, and it
completes the ripple rejection controller. The loop gain of ripple
rejection controller with the feed-forward controller gain, K., is
obtained in eq. (26):

T _ HPF':S ]PIL'dr—l'Gud:—l":s]
do—FF —
e 1 _Kf.r'—l'HPF':s]':mGunnd{s] - Eudr—l":s]]

(26)

MATLAB software has been used to design the control loops, and
draw the Bode plots for T,gc.i(s) and Tyec.(S). The parameters of
the ripple rejection controller are, Koy = -2.2, Kigry = -1.35, and
Ks.1= 0.1. Figure 11 shows the Bode plot of the PI controller loop
gain, Tysepi(S). This shows that the DC component is out of the
control of the controller design, as it has a zero at DC (90 degree
in the phase). Whereas, the loop gain of the ripple rejection
controller, Ty4epi(S), is 43.9 dB at 120 Hz, and maintains a high
level around the harmonic area, which is sufficient to suppress the
ripple frequency component in the inverter DC-link. Since the
three input ports of the symmetric H-bridge cascaded inverter are
considered that have a similar voltage-ripple profile, the same
ripple rejection controller design is applied to the other two input
ports.

Secondly, the average voltage controller for the ripple capacitor
at the DHB secondary is designed using the block diagram in Fig.
10. The average voltage loop gain including the closed-loop
ripple rejection controller is derived as eq. (27)

Figure 12 shows the Bode plot of a design result for T,,4(s). The
coefficients are Koyopg = 0.24 and Kiopq = 1. The loop gain of the
average voltage controller, Tqq(S), has a bandwidth of 8 Hz. The
Bode plot shows that the controller has an infinite DC gain, and

Bode Diagram
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43.9dB at 120Hz
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Fig. 11: Bode plot for Tyc-pi(S)-

Bode Diagram
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Fig. 12: Bode plot for Tyopa(S) With Kpyops = 0.24 and Kivops = 1

average voltage controller, T,q4(S), has a bandwidth of 8 Hz. The
Bode plot shows that the controller has an infinite DC gain, and
also that the ripple frequency components are located out of the
control bandwidth.

After the voltage controller design, the design comes back to
the DC-link ripple controller for accurate analysis. The
expression of T4(s) including the outer loop is obtained as in
eq. (28):

mPIL'opd'is ]':"_uopd ':5]

Tunpd {5] | Vo =

iy =0 1+ HPF(s)Plg._i(s)Gygc_i(s) + HPF{S]R},F—[GL'H—[{S] - mHPF{S]R:r'f—l'Gunpd (s)

where, PIL'Dpd':S] = kpunpd +

(@7)

Rivopd

g
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Figure 13 shows the dynamics effect of the feed-forward
control on the DC-link voltage loop gain. By the feed-
forward control in the ripple rejection controller, the DC-link

"”\_/f loop gain increases by 5.2 dB at 120 Hz, which means the

double-frequency voltage ripple decreases by a factor of 1.8.

Phase (deg)

-360 = £ £ £ £ £ .

Finally, Figs. 14 and 15 show Bode plots of the DC-link loop
Frequency (Hz) .
Fig. 13: Effect of the feed-forward controller on the DC-link loop gain, gain, Tyqc(S), and of the average voltage control loop, Tyepa(S),
including the average voltage controller with and without high pass filter in with feed-forward control.
feed-forward. Figures 14 and 15 show that the loop gains, T.s(s) and

Bode Diagram
— -

Topd(s), are plotted with Kygr.i = -0.5, -2.2, and -3.2 in the Pl
controller. The DC-link loop gain, Tyy(S), is increased from
12.2 t0 25.1 dB at 120 Hz, as K. decreases from -0.5 to -2.2.
The Bode plots clearly show that as kpq; decreases, the loop
gain, Tyq(s) increases, and therefore, the double frequency
ripple decreases. Whereas, when Ky decreases, the
bandwidth and phase margin of the average voltage
controller Tyopq(s) also decrease. With kpgri = -3.2, the
crossover frequency is below 5 Hz, and the phase margin is
less than 45°, which is not preferable. Therefore, there is a
trade-off on decreasing the value of kyge.;. In actual test with
this value of Kky4.i, the power-decoupling controller design
malfunctions. Therefore, Kpri = -2.2 is preferred under the
trade-offs. From the discussion, it can be known that as Kpgt.i
decreases, the DC-link double frequency ripple decreases,
whereas the phase margin of the average voltage controller
decreases. Therefore, the controller parameters are
determined by the trade-offs between the DC-link power-
decoupling performance, and the stability of the outer voltage
loop.
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V.HARDWARE VERIFICATION

The proposed power-decoupling multi-port DHB circuit with
a single ripple-rejection capacitor for a symmetric cascaded
H-bridge multi-level inverter is validated by means of
simulation and experimental results with a 1.2-kW hardware
prototype. The simulation is accomplished by PSIM. The
power-decoupling control scheme is implemented with a
DSC TMS320F28335 platform. The  experimental
verification is performed by the hardware prototype shown in
Fig. 16. Table 1l summarizes the key parameters for
simulation and the experimental results. The verification of
the multiport transformer design is performed by the multi-
port DHB converter efficiency. In this section, the
verification of the proposed power-decoupling control
scheme for the multi-level inverter is conducted by
225k ; : ; : : ; simulation and experimental results using a multi-port DHB

10 10 v ey 1 10’ o converter, followed by hardware measurement of the power

conversion efficiency.

Magnitude (dB)

Phase (deg)

Fig. 15: Bode plots for the average voltage loop gain, Tuopa(S).
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Fig. 16: Experimental step-up for testing the power-decoupling of the
multilevel inverter

Figure 17 shows the steady-state waveforms of the simulation and
hardware experiment, at DC-link voltage, multi-level PWM
output voltage, and the voltage across the power-decoupling
capacitor. From the simulation and experimental waveforms, it is
clear that the DC-Link voltage double frequency is reduced to

TABLE III.
KEY PARAMETERS FOR THE HARDWARE PROTOTYPE
Circuit .
Parameters Quantity Value
P Output Power 1.2 kW
Vv Multilevel inverter 346 Vrms with
° Output Voltage 60 Hz
30 kHz for
fs Switching Frequency | multi-port DHB
4 kHz for CHB
Vicis .
i=123 DC- Link Voltage 200 V
Average voltage
across Power-
decoupling 200 V
Vopd Capacitor
Swing of Voltage 160 V
Lpi Leakage Inductance 32 pH, 35 uH,
i=1,2,3 of each port 37 uH
Inductor on
L secondary side of the 13 puH
transformer
Cpil2 Individual DC link
i=1,2,3 Capacitance 25pF
Number of turns in 50
Transformer’s | input ports windings
wzr;(:::;gs Number of turns in 56
output winding
Resistance of input
Ipson fOr ports’ switches for
Sia/Siz Sit/Siz 255mQ
(IRFP4868PbF)
Resistance of power
I'oson fOr S1/S; decoupling port’s 42 mQ
switches(UJC1206K)
r ) T.rans’forrr)er 0330
windings’ resistance

within 10% of the DC-link average voltage, 200 V, with film
capacitors of about100 uF decoupling capacitance for all the three
cells of the symmetric multilevel inverter, instead of mF-level
electrolytic ones. The experimental and numerical waveforms

show that the double-frequency ripple power in every H-bridge
cell is well absorbed by the power-decoupling DHB converter
using a large swing of the ripple capacitor voltage.

I
&7 W TELEDYNE Lecmyl

Everywhoreyoulook
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Fig. 17 (a): Key waveforms of numerical analysis: DC-Link voltages of all the three cells of multilevel inverter (Vgc1, Ve, Vacs), Voltage across the power-
decoupling capacitor (Vqpq), and output voltage of the multilevel inverter (Vo); and (b) Experimental key waveforms: DC-Link voltage, output voltage of
the multilevel inverter, and VVoltage across the power-decoupling Capacitor. Both results agree well with each other.
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Fig. 18: Experimental key waveforms: DC-Link 1 voltage,Vge , DC
source -1 current, I3, DC-Link 2 voltage,Vqc, DC source -2 current, lsp,
DC-Link 3 voltage,Vyes , DC source -3 current, |, voltage across power

decoupling capacitor, and output voltage of Multilevel inverter.

Due to the proposed power-decoupling control scheme, it
becomes possible to compensate the double frequency voltage
ripple of all the three cells of the multilevel inverter by one
power-decoupling capacitor, which reduces the size of the power-
decoupling circuit. The average voltage across the power-
decoupling capacitor is designed to be regulated at 200 V, and it
is shown that it is well maintained at that voltage in simulation, as
well as in the experiment. The equation for the power-decoupling
capacitance eq. (2) [21] shows the voltage swing across the
power-decoupling capacitor to be 159 V, and the actual one in the
experimental result is 156V.

Both waveforms of the simulation and hardware almost agree
with each other, and the small difference may come from the
power losses, due to the non-ideal device characteristics, as well
as the circuit layout parasitic components. Fig. 18 shows the real
time waveforms captured by 8-channel oscilloscope. Figure 18
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Fig. 19. Key waveforms (a) Numerical analysis: Transformer input port
1, I.; current and output port current ls, and (b) Hardware experiment:
Transformer input port 1 current and the output port current
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Fig. 20. Transient waveforms (a) Simulation under a load step of the proposed power-decoupling control scheme, and (b) Hardware experiment under a load
step of the proposed power-decoupling control scheme
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shows the waveforms of all the three DC-link voltages of the
multilevel inverter, V41, Vaez and Vg, all dc-sources current, lg,
I, and lg, voltage across power decoupling capacitor and the
multilevel PWM output voltage, Vo. the dc-sources’ current
average current is 2.17 A. The DC-link voltage waveforms of the
three DC-link voltages also have power-decoupled waveforms,
and their average is identically located at 200 V.

Figure 19 shows the simulation and experimental waveforms of
the multi-port transformer currents, input port 1, IL1, and output
port, Isec. The currents through the other two input ports are also
very similar to the figure. The figure shows that both the
simulation and experimental waveforms in steady state response
are in accordance. A ripple frequency envelop means the ripple-
rejection circuit well delivers the ripple power into the secondary-
side ripple capacitor. Figure 20 shows a load-transient response of
the proposed power-decoupling control scheme. The load is step-
changed from 1 kW to 500 W. The dynamic response of the
proposed power-decoupling control scheme from the simulation
and experimental results validates the stability and accuracy of
the transient analysis and design guidelines for the proposed
power-decoupling control scheme with multilevel inverters.

The efficiency plots for the multilevel inverter with power
decoupling circuit and with electrolytic capacitors is shown in fig.
21. The efficiency of the multilevel inverter with power
decoupling circuit at rated power, 1.2kW, is 95.67 % and with
electrolytic capacitor is 97.1%. Therefore, the decrease in
efficiency is 1.43%. The decrease in efficiency of the multilevel
inverter is nominal with active decoupling circuit. The efficiency
of multiport dual half-bridge converter as a power decoupling
circuit by neglecting the multilevel inverter is also shown in Fig.
21. The efficiency of the multiport dual half-bridge converter as a
power decoupling circuit on neglecting multilevel inverter at
rated power is 97.5%. This high value comes from the proposed
design procedure, considering the complex loss breakdown of the
multi-port DHB transformer related to the parameters, such as
phase-shift, switching frequency, number of turns in the winding,
and leakage inductances.

VI. CONCLUSION

A generalized power-decoupling control scheme without current
sensors is presented for a symmetric cascaded H-bridge multi-
level inverter by using a multi-input port/single output DHB

Efficiency(%a)

a3 #— Efficient 'r'l."'

Multilevel Inverter

Efficiency of
Multilevel inverter
with electrol

yacitor

rcuit =

converter as a power-decoupling circuit. Film capacitors are
implemented instead of the electrolytic ones, to improve the
lifetime and reliability. With the proposed power-decoupling
method, the double frequency ripple power at all the DC-links can
be directed to a common magnetic circuit, and the total ripple
power is able to link to a single power-decoupling capacitor.
Hence, a multi-level inverter power-decoupling is achieved by
one power-decoupling capacitor. This gives an optimized solution
in terms of cost and size. In the multi-port dual half bridge
converter, the multi-port transformer is one of the major concerns
with regard to the efficiency of the converter. This paper
proposed a design methodology for designing the multiport
transformer. To design the transformer, expressions of the RMS
currents through the transformer are obtained. The transformer’s
currents are dependent on the switching frequency, leakage
inductance, phase-shift, and the output voltage. The design
methodology for the transformer is significant, due to the non-
linear and complex behavior of the transformer currents. With the
proposed design methodology, the efficiency of the hardware
prototype is 95.67% at 1.2 kW. A generalized power-decoupling
control for the multi-level inverter is proposed in this paper. The
proposed control scheme is of the current-sensorless type, and the
fast voltage dynamics based on the sensorless control gives the
advantage of using a universal “zero” reference to eliminate the
double frequency ripple voltage. Therefore, the proposed control
scheme is independent of the multi-level inverter topology,
architecture, or control strategies. The bandwidth of the power-
decoupling controller can be increased without any inner
feedback loop, due to the small capacitance and single-pole
behavior of the multi-input/single output bidirectional DHB
converter. The analysis and design guidelines of the proposed
power-decoupling control scheme are presented. The control
design shows the effect of the feedforward controller on the
elimination of the DC-link ripple. The proposed power-
decoupling method is able to reduce the voltage ripple at all the
DC-links in the multi-level inverter to 10% at the DC-links with
an equivalent film capacitor of about 100 puF for 1.2 kW. The
results of experiments under the steady state and transient
operation are obtained through 1.2-kW simulation and hardware
tests. The proposed power-decoupling control method for the
multi-level inverter by a multi-port DHB converter is verified,
and shows a promising ability to provide universal power-
decoupling for any type of multi-level inverter.
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Fig. 21. Hardware measurement efficiency plot
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