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Abstract—Microinverters for grid-connected photovoltaic (PV)
power conversion systems often require voltage boost due to the low
dc voltage of the PV panels. A high-frequency (HF) transformer-
isolated differential-mode Ćuk inverter (DMCI) is an attractive
topology due to its inherent voltage boost capability and high power
density. One of the significant operational issue of the DMCI ad-
dressed in this paper is the presence of lower order harmonic dis-
tortion in the injected grid current. It is shown that lower order odd
and even harmonic voltages are generated with this topology. This
problem is accentuated due to the low damping offered by the grid
to harmonic voltages. A systematic low-complexity control design
is proposed to address this issue. It is shown experimentally that
the DMCI operates stably with effective attenuation of the lower
order harmonics using the proposed design. Practical operational
issues of the DMCI with fast switching GaN field-effect transistor
(FET) devices are analyzed and solutions are proposed. It is shown
that there can be significant HF noise generation in the DMCI with
a frequency range higher than the switching frequency. Practical
solutions for resolving HF issues using a combination of circuit
layout design and additional passive components are proposed and
validated. All of the experimental results are demonstrated on a
500-W GaN-FET-based microinverter prototype.

Index Terms—Control, Ćuk, differential-mode inverters, GaN
field-effect transistor (FET), harmonic distortion, high-frequency
(HF) link, parasitics.

I. INTRODUCTION

VARIOUS power circuit configurations are used for pho-
tovoltaic (PV) power-conversion systems [1]. In case of

low-power PV systems, microinverters or ac modules are popu-
larly used [2]. Microinverters typically are rated for a few hun-
dred watts. High-frequency (HF) transformer isolated power
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circuit topologies are attractive for PV microinverters as high
power densities can be achieved [1] due to the reduced size of
magnetics. For the typical power ratings of the PV microin-
verters, the input voltage from the PV panels is in the order
of few tens of volts. For example, a 300-W PV module has
a maximum-power-point voltage of about 36 V [3]. A single-
phase microinverter connected to this module has to convert this
low voltage to match the single-phase-rated voltage of 120 V.
Hence, voltage boost is necessary for many microinverter appli-
cations. In this paper, a differential mode Ćuk inverter (DMCI)
is considered for a PV microinverter. The Ćuk module used in
the DMCI is an HF-transformer-isolated topology. The voltage
step up in the DMCI topology is due to a combination of the
boost action of the Ćuk module and the turns ratio of the HF
transformer. The DMCI uses four low-side driven GaN-FETs,
which reduces the complexity of gate-driver design. The con-
tinuous input current helps in reducing the capacitance across
the PV modules, thereby improving the system reliability.

In this paper, two key issues related to a GaN-FET-based
DMCI are analyzed and solutions are proposed. One of the issues
relates to the lower order harmonic distortion in the output grid
current. The other issue pertains to the HF noise in the DMCI
topology.

A. Overview of the Issue of Lower Order Harmonic Distortion

It is known that the boost-derived differential-mode inverter
(DMI) topologies result in a lower order harmonic genera-
tion [4]–[8]. These harmonics are generated due to the nonlin-
ear input–output relation of the boost-derived inverters and the
adopted modulation methodology. The occurrence of the lower
order harmonics in continuously modulated DMIs is reported
in the literature [4]–[12]. Control techniques specific to the is-
sue of harmonic attenuation are considered in [9]–[12]. These
are advanced control techniques and their implementation may
require high computation power. Hence, there can be a require-
ment of fast DSPs or high-end FPGAs, which is undesirable in
cost-sensitive microinverter applications.

This paper looks into this issue in a topologically switched
DMCI. The topological switching is also termed as discontinu-
ous modulation scheme (DMS). The DMS results in a reduction
in the overall losses and enhanced efficiency [13]. Reduction in
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losses also leads to a possible reduction in the heat-sink size,
and hence, the inverter volume and cost may also be reduced.

The harmonic spectrum of the DMCI output voltage is an-
alyzed for ideal and practical cases. It is shown that there can
be significant lower order odd and even harmonics. The odd
harmonics are due to the nonlinearity of the DMCI, whereas the
even harmonics are due to the mismatch in the individual HF
transformer isolated Ćuk modules of the DMCI. A similar obser-
vation is made in a continuously modulated differential-mode
buck inverter [14]. The lower order harmonics issue becomes
critical in the grid-connected operation of any DMI. This is
because there is practically negligible damping offered to any
harmonics by the grid. In order to operate the grid-connected
DMCI with minimal harmonic distortion, a suitable closed-loop
control needs to be developed.

To address the grid current distortion due to the nonlinear-
ity of the DMCI, typically a static inverse transformation is
used [6], [15]. Practically, however, it is shown in this paper that
this method alone cannot handle the distortion issue effectively
because of the additional even harmonics generated. There are
also additional odd harmonics due to nonidealities such as dead-
time. Hence, in this paper, a combination of the static inverse
transformation and multiresonant controller is considered. Even
though the multiresonant controller is known in the literature,
its design in a DMCI poses challenges. In this context, a system-
atic design method is developed in this paper for selecting the
controller parameters. It is shown that, there is stable operation
and a significant reduction in the harmonic distortion when the
proposed control design is used.

B. Overview of the Issue of HF Noise

In comparison to Si MOSFETs, GaN-FETs offer much high
slew rates, low turn-on resistance, and much smaller output
capacitance. On one hand, these advancements help in achiev-
ing increased system efficiency, faster switching frequency, and
smaller form factors for power converter designs [16]. On the
other hand, high slew rate and low output capacitance of GaN-
FETs can excite resonance in the adjoining power electronics
circuit causing large voltage spikes and electromagnetic interfer-
ence (EMI) noise [17]–[20]. Additionally, GaN-FETs have a low
threshold voltage of around 1.4 V as compared to 3 V of Si MOS-
FETs. This makes them more susceptible to false triggering in
case of oscillations in the gate driver circuit. Also, the allowable
gate-driving voltage range for GaN-FETs is much small as com-
pared to Si devices. For instance, minimum gate drive voltage
for complete channel formation in GaN Systems (GS66508P) is
specified at 7 V and the gate breakdown voltage is specified as
10 V, resulting in a very small allowable operating voltage range.
Meeting such tight performance parameters requires special care
while designing the printed-circuit-board (PCB) layouts and se-
lecting power components that can work together and leverage
on the advantages provided by the GaN-FETs.

The presence of parasitic inductance on the PCB has been
identified as one of the major cause for the generation of the
HF noise in circuits [17], [21], [21]–[24]. These works mainly
focus on PCB level optimization for achieving a reduced loop
inductance and/or an improved gate-drive design. However,

Fig. 1. Grid-connected DMCI topology.

very limited work is done to study the effects of the high slew
rate of GaN-FETs on other circuit components. It is noted in
this paper that for the DMCI topology, the nonideal behavior
of the passive components affects the HF noise. Specifically,
the behavior of blocking capacitors under high slew rate
conditions is studied. It is shown that the high slew rate due to
fast switching GaN-FETs increases the noise level due to the
nonideal behavior of the blocking capacitors. Hence, to limit
the occurrence of the HF noise, power-loop design, gate circuit
PCB layout guidelines, and the selection of blocking capacitors
are provided in this paper.

II. DMS-BASED DMCI TOPOLOGY AND OPERATION

Single-phase DMCI topology connected to the grid is shown
in Fig. 1. It consists of two identical HF transformer-isolated
Ćuk converter modules with input-parallel and output-series
connection. In Fig. 1, Lg and Rg correspond to the lumped
grid impedance including the wires connecting the DMCI to the
point of common coupling of the grid. The topology uses four
low-side GaN-FETs and has the advantage of being modular.

Commonly used modulation for DMCI type of inverters is
the continuous modulation scheme (CMS) [7], [25], [26]. In this
type of modulation, both the Ćuk modules have a dc operating
point. A large signal ac perturbation is given to the duty ratio
to realize ac voltage in the differential output voltage. With this
modulation, both the Ćuk modules will be switching at all the
times. As analyzed in detail in [13], this results in circulating
power between the modules and has a negative impact on the
system efficiency.

In this paper, topological switching is considered for the
DMCI. In topological switching, each Ćuk module is active
for one-half of the fundamental cycle [13]. This modulation is
called DMS. The DMS does not have any circulating power. The
device ratings are also lower for the DMS compared to CMS.
The advantages of the DMS over CMS are quantified in [13].
With reference to Fig. 1, this modulation can be explained qual-
itatively as follows. For the positive half cycle of the inverter
voltage, module 1 is switched. The duty ratio command is given
such that this module generates a half-sinusoidal unipolar volt-
age. During this period, module 2 is not switching. In module
2, switch S2 is OFF and S ′

2 is ON during the complete positive
half cycle. Thus, ideally, module 2 produces zero output voltage
during this period. Similarly, during the negative half cycle of
the desired output voltage, module 2 is switched to realize the
necessary output voltage. Module 1 is operated with S1 OFF and
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Fig. 2. Modes of operation of the DMCI under DMS for UPF operation. (a) Mode 1, (b) mode 2, (c) mode 3, and (d) mode 4.

S ′
1 ON so as to produce zero output voltage. As this modulation

involves the discontinuous operation of the two modules, it is
termed as DMS.

Modes of operation of the DMCI for the DMS for unity power
factor (UPF) operation are shown in Fig. 2. During mode 1,
shown in Fig. 2(a), the DMCI output voltage is positive and the
second module is inactive. The primary-side switch S1 is turned
ON and its complementary secondary-side switch S ′

1 is turned
OFF. The secondary-side switch S ′

2 of module 2 is turned ON
to produce zero module 2 output voltage and to support the grid
current. The grid voltage and the grid current are positive during
this mode. During mode 2, shown in Fig. 2(b), S1 is turned OFF
and S ′

1 is turned ON. The second module continues to have S ′
2

turned ON. During modes 3 and 4, the output voltage is negative.
For the UPF operation, the grid current is also negative in this
period and the first module is inactive. Its secondary-side switch
S ′

1 is turned ON produce zero module 1 output voltage and to
support the grid current. Fig. 2(c) and (d) shows the operation in
modes 3 and 4, respectively. The negative output voltage of the
DMCI is generated using the second module. It can be seen that
the DMCI output voltage is supported alternately by modules
1 and 2 depending on the polarity of the overall output voltage
Vout . Hence, any mismatch in the modules will be reflected in the
DMCI output voltage. The effect of the mismatch is primarily
in the generation of dc offsets and even harmonics. This effect
is described in detail in Section III.

III. LOWER ORDER HARMONIC DISTORTION ISSUE AND

SOLUTION

In this section, the occurrence of lower order harmonics in a
DMCI is described. The effect of nonidealities on the lower order
harmonics in a practical DMCI is explained. This is followed
by the discussion on the required closed-loop control method
for the stable operation of the DMCI in grid-connected mode
with reduced harmonic distortion. A systematic design method
is proposed for the selection of the control parameters based
on a small-signal model that is developed for the DMCI for the
grid-connected case.

A. Occurrence of the Lower Order Harmonics

The output to input relation for the DMCI modules under the
DMS, averaged over a switching cycle is given by

Vout1

Vin
=

nD1

1 − D1
;

Vout2

Vin
=

nD2

1 − D2
(1)

where n is the transformer turns ratio; and D1 and D2 are the
duty ratio commands given to module 1 and module 2 of the
DMCI, respectively. Quasi-static assumption is used in arriving
at (1) as the switching frequency is very high compared to the
fundamental frequency of the DMCI output voltage [13]. As
each module operates for one half of the fundamental cycle in
the DMS, the natural choice for the duty ratio reference for each
module is as shown in Fig. 3.

The overall output of the DMCI is given by

Vout = Vout1 − Vout2 . (2)

Ideally, the DMCI output voltage is expected to be sinusoidal.
However, due to the nonlinearity in (1), half-sinusoidal duty
ratios as in Fig. 3, will not result in half-sinusoidal module
output voltages in the DMCI. The individual module voltages
for the half-sinusoidal duty ratio are determined using (1) and
are shown in Fig. 4. By visual inspection of Fig. 4, it is clear
that the output module voltages contain significant lower order
harmonics due to the nonlinearity of (1). Each module output
contains a dc component, even harmonics, and odd harmonics.
The magnitude and phase spectrum of the two module voltages
is shown in Fig. 5.

It can be observed from Fig. 5(a) and (b), that the fundamental
and the odd harmonics are phase shifted by 180◦ between the
modules. However, the dc component and the even harmonics
have zero phase shift between the modules. As the output is
synthesized in a differential architecture as indicated in (2), the
DMCI output voltage ideally contains only the odd harmonics.
The differential output for half-sinusoidal duty ratios is shown
in Fig. 6. The total harmonic distortion (THD) is determined as
19.7% which is high.
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Fig. 3. Half-sinusoidal duty ratio reference. (a) D1 for module 1 and (b) D2 for module 2 of the DMCI operating under the DMS.

Fig. 4. Output voltages of DMCI modules for half-sinusoidal duty ratio reference. (a) Module 1 and (b) module 2.

Fig. 5. Output voltage spectrum of DMCI modules for half-sinusoidal duty ratio reference. (a) Module 1 and (b) module 2.

Fig. 6. Output differential voltage of DMCI modules for half-sinusoidal duty
ratio references.

1) Occurrence of Even Harmonics in the DMCI Output Volt-
age: Ideal DMCI output voltage does not contain any even
harmonics. This is because, even though individual modules
produce even harmonic voltages, they get canceled out in the
differential output voltage. Practically, however, it is observed
that the DMCI output may contain even harmonics due to the
mismatch in the output voltages produced by the two mod-
ules. This is due to the mismatch in various components in the

modules such as mismatch in the GaN-FETs, mismatch in the
impedances of the passive elements, and mismatch in the HF
transformers built for each module. The even harmonic voltages
can have the following form for each module:

Vout1(2h) = V̂out1(2h)/θ1(2h); Vout2(2h)

= V̂out2(2h)/θ2(2h) (3)

where Vout1(2h) is an even harmonic voltage for the first mod-
ule. The harmonic order is represented as 2h, where h is an
integer and h ≥ 1. This voltage is expressed in the phasor form
with an amplitude of V̂out1(2h) and a phase of θ1(2h). Sim-
ilarly, Vout2(2h) represents the corresponding even harmonic
voltage of the second module. It has an amplitude of V̂out2(2h)
and a phase of θ2(2h).

For ideal case, V̂out1(2h) = V̂out2(2h) and θ1(2h) = θ2(2h)
for all h. Hence, the output differential voltage Vout1(2h) −
Vout2(2h) equals zero. Practically, there can be mismatch in
either amplitudes V̂out1(2h) and V̂out2(2h) or phases θ1(2h)
and θ2(2h) or both. This would essentially result in a non-zero
even harmonic voltage in the output of the DMCI.
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For stand-alone systems where the DMCI feeds a load, the
problem of even harmonics is negligible as the load may offer
sufficient impedance to attenuate the differential even harmonic
voltages. However, in the grid-connected mode, the grid appears
practically as a very low impedance for the harmonic voltages
generated by the DMCI. Hence, even a small even harmonic
voltage can result in considerable even harmonic current injected
to the grid, hence, negatively affecting the THD of the output
current of the DMCI.

2) Occurrence of a DC Offset in the DMCI Output Voltage:
Each module of the DMCI produces a dc voltage as seen in
the spectra shown in Fig. 5. Ideally, it does not appear in the
differential output voltage as both the modules produce iden-
tical dc offset. Practically, as in the case of even harmonics,
mismatch between the modules may cause a resultant dc offset
in the DMCI output voltage. This results in dc injection to the
grid, which is undesirable. Hence, the closed-loop DMCI con-
trol technique must ensure that the dc injection to the grid is
negligible.

B. Closed-Loop Control of the Grid-Connected DMCI

DMCI output voltage contains odd harmonics due to the in-
herent nonlinearity of (1). Practical DMCI output voltage may
contain even harmonics and dc offsets due to module mismatch.
Hence, the closed-loop control for the DMCI should be able
to mitigate these undesired quantities. Typically, in any stand-
alone boost-derived converter, a static-inverse-transformation is
used to cancel the nonlinearity in the output-to-input relation
given in (1). This transformation between the duty ratio and
output voltage for each module of the DMCI can be defined as
follows [6], [15]:

D1 =
Vref1

Vref1 + nV in
m

; D2 =
Vref2

Vref2 + nV in
m

(4)

where Vref1 and Vref2 are the half-sinusoidal voltage refer-
ences; and D1 and D2 are the duty ratio commands to the DMCI
modules. Using (4) in (1), the output module voltages are deter-
mined as

Vout1 = mVref1 (5)

Vout2 = mVref2 (6)

The voltage references Vref 1 and Vref2 are half-sinusoidal signals
defined as follows for any integer j:

Vref1 =

{
sin ω0t, if 2jπ ≤ ω0t < (2j + 1)π

0, if (2j + 1)π ≤ ω0t < 2(j + 1)π
(7)

Vref2 =

{
0, if 2jπ ≤ ω0t < (2j + 1)π

− sin ω0t, if (2j + 1)π ≤ ω0t < 2(j + 1)π.

(8)

The differential output voltage of the DMCI using (5) and (6)
in (2) is given by

Vout = m(Vref1 − Vref2) = mVref . (9)

Using (7) and (8) in the aforementioned equation

Vout = m sin ω0t ∀ ω0t. (10)

It can be seen from (9) and (10) that the DMCI output voltage
is sinusoidal and directly proportional to the controller output
Vref . Thus, the transformation in (4) results in the elimination of
the odd harmonics due to the converter nonlinearity. Normally,
m in (4) is taken as the nominal grid voltage peak that can be
estimated using a phase-locked loop (PLL). This transformation
is called static-inverse-transformation as it works on an average-
basis over a switching cycle.

Practically, the odd harmonics are due to a combination of
the DMCI nonlinearity and nonideal factors such as deadtime
used between the switching transitions of the GaN-FETs of
each DMCI module. In addition, there are even harmonics and
dc offsets that cannot be eliminated using the static-inverse-
transformation alone. The harmonics due to deadtime, even har-
monics due to module mismatch are considerably smaller com-
pared to the harmonics due to converter nonlinearity. Hence, in
stand-alone systems they can be negligible due to the damping
offered by the load. In the grid-connected mode, there is lim-
ited damping. Consequently, large distortion may be seen due to
these factors. Hence, static inverse transformation alone may not
address the lower order harmonics problem in a grid-connected
DMCI.

Thus, based on a practical standpoint, a multiple proportional-
resonant (MPR) controller along with a static inverse trans-
formation is proposed for the control of the DMCI in grid-
connected mode. An MPR controller refers to a fundamental
proportional resonant (PR) controller, designated as PR1, and
harmonic controllers R2, R3, and R5 to address the second, third,
and fifth harmonic components, respectively. An additional inte-
gral controller is included to eliminate dc offsets due to module
mismatch. Block diagram of the proposed control of DMCI is
shown in Fig. 7. The fundamental current reference is repre-
sented as I∗g . The reference for all the harmonics is fixed at zero.
The outputs of PR1 and the resonant controllers are added to a
feedforward term Vf f . This feedforward is taken as normalized
grid voltage signal. That is, if m is grid voltage amplitude and
Vg is the instantaneous grid voltage, Vf f = Vg/m. This helps
in reducing the effect of grid voltage harmonics in the output
current of the DMCI [27].

In the steady state, the MPR and integral controllers ensure
that the grid current Ig follows the reference I∗g . The correspond-
ing steady-state voltage reference Vref in Fig. 7 is sinusoidal.
It is converted into half-sinusoidal references using the mod-
ule reference selector block indicated in Fig. 7. The resulting
half-sinusoidal references Vref1 and Vref2 are fed into the static
inverse transformation of (4) to obtain the duty ratio commands
D1 and D2 , respectively. These duty ratio commands are ap-
plied to the respective modules of the DMCI. Following the
discussion using (4)–(10), the output voltage of the DMCI is
sinusoidal. This voltage interacts with the grid voltage Vg and
grid impedance to realize the required grid current Ig . It must
be noted that in Fig. 7, depending on the polarity of Vref , either
module 1 or module 2 is active. Hence, in the system dynam-
ics, only one of the DMCI module is involved. The inactive



KULKARNI et al.: RESOLVING PRACTICAL DESIGN ISSUES IN A SINGLE-PHASE GRID-CONNECTED 3739

Fig. 7. Closed-loop control of the grid current in a grid-connected DMCI with MPR, integrator, and static inverse transformation.

Fig. 8. Circuit schematic of a module of the DMCI operating in a given
fundamental half cycle. All the state variables (Il1 , Il2 , Vc1 , Vout1 , and Vcs1 )
have been labeled.

module ideally operates with zero voltage as described in
Section II. This needs to be taken into account while design-
ing the proposed controller parameters.

Other advanced controllers such as repetitive controller can
be used to achieve the same objective of grid current control
with minimal harmonic distortion. However, the advanced con-
trol schemes are not preferred for the low-cost DMCI as they
add to control complexity, enhanced computation overhead, and
sensing and/or estimation requirements. Another conventional
control approach is to use only MPR controllers, i.e., without the
static inverse transformation to address all the significant odd
and even harmonics. An integrator can be included to eliminate
the dc offset. However, such an approach requires significantly
large number of resonant controllers. Typically at least about
13 resonant controllers will be required to eliminate all the har-
monics due to converter nonlinearity. This also increases the
computational burden for the digital controller used.

1) Small-Signal State-Space Model for a Module of the
DMCI: In DMS, each DMCI module operates under HF switch-
ing for one half cycle of every fundamental. The circuit
schematic of module 1 that is switching is shown in Fig. 8.
Module 2 has its output switch turned ON, and hence, produces
a zero voltage. As the grid current contains fundamental and
lower order harmonics, it can be considered as constant over
a switching cycle. The DMCI blocking capacitors C1 and C ′

1
are connected to a damping RC branch, as done typically in
Ćuk converters [28]. This branch is especially needed in the
grid-connected operation of DMCI to provide better damping.
The value of the damping branch in the primary side is selected

Fig. 9. Pole-zero map of DMCI as D1 ,0 is varied. Poles are marked using
cross (×) and zeros are marked using circles (◦). The right-half plane zeros exist
for D1 ,0 > 0.3.

iteratively as Rs1 = 8 Ω and Cs1 = 22 μF. The secondary-side
damping branch impedances are selected by scaling as per the
transformer turns ratio squared, that is, the resistance is scaled
up by a factor of 4 and the capacitance is scaled down by a factor
of 4, as the turns ratio is 1:2.

The state equations for module 1 of the DMCI are derived in
the Appendix A. Note that identical set of equations are derived
for module 2, when it is active. These equations are used to
determine the transfer function between the output voltage of a
DMCI module and its duty ratio, as described in Appendix B.
The system matrix A1 of the state-space model of the DMCI
module 1, derived as (A.15) in Appendix A.

As it can be observed from (A.15), the eigenvalues are func-
tions of the quiescent operating duty ratio D1,0 that has wide
variation in inverter applications. Hence, the control design must
ensure that the system is stable for all the operating range of
D1,0 . Note that the quiescent operating point is defined as:
D1 = D1,0 + D̃1 , with D̃1 being the perturbation around the
duty ratio variable.

2) Selection of the Controller Parameters: In Fig. 7, static
inverse transformation, MPR and the integral blocks are used
for harmonic and dc offset elimination from the grid current.
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Fig. 10. Bode plot of the forward path transfer function of a DMCI module for output voltage to duty ratio transfer function for different quiescent values of
D1 ,0 (a) without an integrator and (b) with an additional integrator. The transfer functions are provided in Appendix B.

The transfer function expressions for the MPR and integral con-
trollers are shown in (B.1) in Appendix B. The control design
approach involves the following steps:

1) determining the maximum allowable controller band-
width for stable operation of the DMCI;

2) selection of the controller gains (MPR + integrator) to
ensure stable operation for all the operating points of the
DMCI.

Maximum allowable bandwidth places a limit on the number
of multiresonant controllers that can be used from the stand-
point of stability. For example, if the maximum bandwidth is
determined to be 200 Hz, then resonant controllers up to third
harmonic (180 Hz) are only feasible. The addition of higher
harmonic resonant controllers will significantly reduce the sys-
tem phase margin and may lead to instability. To determine
the maximum possible number of resonant controller blocks,
the following procedure is proposed in this paper. For a wide
variation of quiescent D1,0 , the pole-zero map of the DMCI
module transfer function given in (B.4) is studied. Note that
the same analysis is repeated for module 2 of the DMCI. For
control design purpose, the modules are identical. Hence, the
following design approach considering module 1 is also appli-
cable to module 2. As the DMCI is boost derived, it contains
right-half plane zeros (RHZs). Typically, the bandwidth for the
closed-loop control is selected to be at least one decade less
than the RHZ location to ensure stability. In the DMCI, the
RHZ move depending on the value of D1,0 . The variation of
all the pole-zeros of the transfer function in (B.4) is shown in
Fig. 9.

It is observed that, the lowest frequency of the RHZ for the
operational range of D1,0 is approximately 6.5 kHz. Hence, the
bandwidth of the closed-loop DMCI must be at least one decade
less than this value for stable operation. Thus, the ideally suitable
limit on bandwidth is given by

ωbw < 650 Hz. (11)

Practically, a bandwidth of up to 1 kHz may be feasible with-
out significantly affecting the performance of the DMCI. This
is because the practical DMCI has a higher damping than what
is modeled using Fig. 8. In the practical control implementa-
tion, only up to fifth harmonic has been used in this paper as

Fig. 11. Single module of a DMCI with marked gate loops LoopG 1 and
LoopG 1

′ and HF power loops LoopP 1 and LoopP 1
′.

indicated in Fig. 7 because it yields satisfactory results and fur-
ther improvement in the phase margin.

To select the MPR controller parameters, the following iter-
ative approach is developed. First, the DMCI module is consid-
ered to be linear with the of Glin = Vg , peak

V r e f , peak
. It is assumed that the

transformation in (4) leads to this linear gain. Next, following
the design procedure in [29], preliminary values of kp and kr are
determined for the fundamental PR controller, PR1. The trans-
fer functions of PR1 with kp and kr , and the resonant blocks
are given in (B.1) in Appendix B. These values are adjusted to
obtain a bandwidth as per the limit specified in (11). Then, the
resonant controller gains R2 , R3 , and R5 for harmonic compen-
sation are tuned in the range of the kr determined for PR1. The
tuning of gains is so done such that the phase margin for the
closed-loop DMCI is not too low for a wide variation of D1,0 .

The Bode plots of the forward path transfer function or
loop-gain comprising PR1, R2 , R3 , R5 , DMCI model and grid
impedance are shown in Fig. 10(a) when no integrator is used.
Addition of an integrator with a very small gain alters the Bode
plot at very low frequencies, as shown in Fig. 10(b). The in-
tegrator gives a very high gain at dc so that any dc offset due
to mismatch in the module voltages is eliminated in the steady
state. With the proposed design, the phase margin is higher
than 20◦ for a wide variation of the duty ratio D1,0 . Practically,
the phase margin obtained is higher due to additional damp-
ing elements such as the series resistance of the inductors and
transformer etc.

IV. HF NOISE ISSUES AND SOLUTIONS

This section describes the occurrence of HF noise in a DMCI.
Major sources leading to the HF noise injections are identified
and suitable solutions are provided to minimize them.
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Fig. 12. (a) Schematic drawing showing the location of HF parasitic inductance Lp11 and Lp12 in the gate driver loops LoopG 1 and LoopG 1
′. (b) Primary-side

gate driver PCB design for the DMCI implemented using GaN Systems GS66506T and (c) GS66508P as the switching device. The direction of gate-driver current
is marked in the event of turn ON.

A. Occurrence of HF Noise Due to PCB Layout

In a single module of the practical DMCI circuit, as shown
in Fig. 11, there are four major current loops comprising of
parasitic inductances that may have a significant impact on the
performance of the DMCI. The HF power loops are captured
by LoopP 1 and LoopP 1

′ and mainly comprise of the parasitic
inductance between the blocking capacitors, GaN-FET, and HF
transformer. The gate driver loops are identified by LoopG1
and LoopG1

′ for the primary- and the secondary-side devices,
respectively. They mostly include the parasitic inductance be-
tween the gate terminal of the device and the source.

In the past, the effect of parasitic inductance in the HF
power loops LoopP 1 and LoopP 1

′ have been widely studied
and given prime importance as it directly affects the switching
transition voltage of the FETs and limit their switching frequen-
cies [20], [30], [31]. However, recently after the introduction of
GaN-FETs, limiting the parasitic inductance in gate-driver loop
LoopG1 and LoopG1

′ has also surfaced as a major concern [32].
This is primarily because of the low threshold and maximum
allowable gate voltage for a GaN-FET. As compared to a con-
ventional Si MOSFET, a typical GaN-FET has approximately
10 times lower difference between the optimal and maximum al-
lowable gate voltage and about 4 times lower threshold voltage.
This leaves a very limited margin for voltage oscillations in the
gate-driver loop. So, if these gate oscillations are not controlled
they may lead to false turn ON of the GaN-FETs or can per-
manently damage them. Hence, one of the key objectives while
designing a GaN-FET-based power electronics system is to keep
the parasitic inductance in the gate-driver loop minimum.

One way to limit this parasitic inductance in an HF circuit is
to design a well laid out PCB. Fig. 12(a) shows the HF para-
sitic model of the gate-driver circuit with parasitic inductance
in LoopG1 marked as Lp11 and Lp12 . To capture the effect of
gate-loop parasitic on the DMCI, two different gate-driver PCB
layouts are designed employing GaN Systems GS66506T and
GS66508P FETs as shown in Fig. 12(b) and (c), respectively.
To achieve a better HF performance, in Fig. 12(c) component
are so placed such that, the distance between the output of the
gate driver and the gate terminal of the GaN-FET is minimized.
This, along with the presence of Kelvin source in GS66508P,
may help reduce parasitic inductance in the driver loop consid-
erably. Table I provides a measure of the parasitic inductance
in the two circuits shown in Fig. 12(b) and (c) at a switching

TABLE I
PARASITIC INDUCTANCE OF THE GATE-DRIVER CIRCUIT AT THE NOMINAL

SWITCHING FREQUENCY OF 100 KHZ

Device Lp11 Lp12

GS66506T 3.64 nH 6.58 nH
GS66508P 2.2 nH 5.92 nH

frequency of 100 kHz. Whereas, Fig. 13 provides its variation
as a function of frequency signal varying between 100 kHz to
200 MHz. Parasitic inductance were obtained using finite-
element-analysis-based design software EMCoS.1 From Fig. 13,
it can be observed that, the minimum gate-loop parasitic induc-
tance for PCB using GS6650T GaN-FETs is about 9.5 nH at
200 MHz, which is higher than the maximum parasitic induc-
tance of the PCB using GaN Systems GS66506T FETs. To
further attenuate the HF oscillations in the gate-driver loop for
the PCB employing GS66508P GaN-FETs, surface mounted
ferrite beads were added before the gate terminal of the device.
Further, parallel operation of the GaN-FETs requires a care-
fully designed PCB layout. As GaN-FETs have the capability
to operate with a small rise and fall times of 3.7 and 5.2 ns,
respectively [33], inter-trace signal delays can cause an imbal-
ance in dynamic current sharing between the FETs connected
in parallel. To avoid this problem, driver-loop length to all the
parallel FETs should be identical. Fig. 12(b) and (c) outline the
PCB layout designed for connecting two GaN-FETs in parallel.

B. Occurrence of HF Noise Due to High Slew Rate

The low output capacitance of the GaN-FET may undergo
resonating interaction with the parasitic inductance present in
the power loops (LoopP 1 and LoopP 1

′). This may lead to the
generation of HF noise in the form of voltage oscillations across
the FET drain and source terminals.

As stated earlier, parasitic inductance in the power loops
LoopP 1 and LoopP 1

′ comprise primarily of the transformer

1Circuit parasitic elements were extracted using EMCoS PCB VLab v3.2
(http://www.emcos.com/). ODB++ PCB files generated using Altium Designer
are directly loaded in the PCB VLab v3.2 and tracks between which parasitic
elements were to be measured were defined. RapidRLC solver included in
EMCoS PCB VLab package calculates resistance, inductance, and capacitance
matrices for complex 3-D geometries and generates lumped equivalent circuit
files in SPICE format.
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Fig. 13. Simulation result showing the variation of parasitic inductance with frequency in LoopG 1 for design using (a) GS66506T and (b) GS66508P as the
GaN-FET.

Fig. 14. Impedance magnitude and phase characteristics of (a) C1 and (b) C ′
1 .

leakage inductance, device package inductance, and parasitic
inductance of the PCB traces. In addition to these, the nonideal
behavior of the primary and secondary blocking capacitors in
the DMCI also adds to the parasitic inductance present in the
power loops. When a power semiconductor device in a power-
electronics system undergoes HF switching, HF harmonics are
generated, whose frequency depends on the slew rate of the
device. Even though most of its signal strength is concentrated
near the device switching frequency, higher order harmonics
constitute a considerable amount. When such a waveform with
a high slew rate is applied to a circuit constituting of the non-
ideal passive circuit element, increased conductive EMI noise,
and voltage oscillations may be observed.

In Fig. 11, HF power signals are present in the power loops
LoopP 1 and LoopP 1

′, which comprise of the blocking capaci-
tors C1 and C ′

1 , respectively. Owing to the fast energy capture
and release capabilities required by the blocking capacitors, film
capacitors with its self-healing ability is found to be a reasonable
choice. Capacitor C1 is chosen to be 5.8 μF (ECW-F2685JA),
while C ′

1 is chosen to be 1.5 μF (B32674D4155K). Impedance
response for blocking capacitors C1 and C ′

1 are provided in
Fig. 14(a) and (b), respectively.

Fig. 14(a) and (b) shows that, the self-resonance frequency for
C1 and C ′

1 are 362.25 and 711.14 kHz, respectively. As these

frequencies are close to the switching frequency of 100 kHz,
HF noise components of the switching voltage will encounter
different circuit impedances than experienced by the switching
frequency component. At the self-resonance frequency, C1 and
C ′

1 behave as an ideal resistance, however, with increased fre-
quency they start showing inductive nature. This adds to the
already present parasitic inductance in the power loops LoopP 1
and LoopP 1

′ and leads to increased voltage oscillations and con-
ductive EMI noise in the DMCI circuit. Voltage spectrum for a
frequency range of 10 kHz–10 MHz across C1 is provided in
Fig. 15(a). It can be observed that, the voltage spectrum com-
prises of a wide spectrum of HF noise and has its fundamental
component (100 kHz) with the maximum amplitude.

A practical solution to this problem is to add an HF ceramic
capacitor across the blocking capacitors in the power stage. This
HF ceramic capacitor can ensure that a low impedance capaci-
tive path is available to the HF noise components and can in turn
limit the parasitic inductance in the power loops. Two 0.1-μF HF
ceramic capacitors were added in parallel to the blocking capac-
itors C1 and C ′

1 in the experimental DMCI circuit. Fig. 15(b)
provides the spectrum of the voltage across the primary-side
blocking capacitor, which now comprises a parallel combination
of a film and ceramic capacitor. As is apparent in Fig. 15(b), the
spectrum of the voltage across the blocking capacitor has much
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Fig. 15. Experimental spectrum analyzer result for voltage across the primary-side blocking capacitor (a) without a ceramic capacitor in parallel, (b) with a
ceramic capacitor in parallel.

Fig. 16. Schematic of a module of DMCI with a passive snubber.

lower amplitude for the HF noise as compared to Fig. 15(a). It is
noted that, due to an increase in the effective inductive behavior
of the capacitor combination for midfrequency range, a slight
increase in the noise amplitude is observed. However, an overall
reduction in the parasitic impedance in LoopP 1 and LoopP 1

′

and conductive EMI noise is observed using this method.

C. Effect of Snubber Capacitance

The leakage inductance (Llk1) of the HF transformer cannot
be practically made zero. As a result, even with the well-laid-
out PCB, there can be HF oscillations resulting in over voltage
across the GaN-FETs. Hence, a passive nondissipative diode-
based snubber as reported in [34] and [35] for a dc/dc converter
is used. In this paper, this snubber has been optimized for the
dc/ac operation of the DMCI. The schematic of a single module
of DMCI with the passive nondissipative snubber is shown in
Fig. 16. This snubber acts as a rate-of-rise control snubber.
During turn-off operation of the device, energy from the leakage
inductance is diverted to charge the snubber capacitor (Cs11)
instead of the capacitance of the GaN-FET, thereby reducing
the magnitude of voltage spike across the device. Later, when
the device turns ON Cs11 resonates with the snubber inductor
(Ls11) until the snubber current reaches zero and the diode Ds12
is reverse biased. Next, when the device turns OFF, this stored
energy in Ls11 is transferred to the source through diode Ds11 .
Hence, The rate of increase of the voltage across the device
during turn OFF is primarily controlled by the rate at which a
snubber capacitor is charged.

Fig. 17. Effect of snubber capacitance on peak primary device voltage and
grid current THD.

Fig. 18. Loss in the duty ratio as a function of the HF transformer leakage
inductance, which manifests as distortion in grid current.

The value of Cs11 affects the device over voltage and also
dictates the duration of dead time to be included in each module.
It is to be noted that the dead time affects the lower order
harmonics in the grid current [36], [37]. Hence, Cs11 impacts
both higher and lower order harmonic issues in the DMCI.
Fig. 17 shows the variation in peak primary device voltage and
output grid current THD with the value of Cs11 .
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Fig. 19. (a) Table listing the module and DMCI parameters of the experimental setup and (b) picture of the DMCI hardware setup.

Fig. 20. Primary-side DMCI switching waveform on channel 4 and primary and secondary VDS on channels 2 and 3, respectively, with zoomed view, for the
PCB designs employing (a) GaN Systems GS66506T GaN-FETs with a gate loop parasitic inductance of 10.22 nH and (b) GaN Systems GS66508P GaN-FETs
with a gate loop parasitic inductance of 8.12 nH.

It can be observed from Fig. 17 that compared to a large value
of the snubber capacitor, lower value of the snubber capacitor
will tend to absorb the leakage energy fast and will produce a
higher voltage spike across the device. Further, using a lower
value of the snubber capacitor will also require a lower dead
time to be included between the primary- and secondary-side
FETs, hence resulting in lower THD in the grid current.

There is an increase in THD of the grid current due to increase
in dead time. The magnitude of the dead time is related to the
leakage inductance of the HF transformer and Cs11 . An increase
in the leakage inductance increases the lower order harmonics,
which are actually a manifestation of the loss in duty ratio
when each module is switching. This loss in duty ratio for UPF
operation, when module 1 is switching (for a period of 180◦),

TABLE II
FOUR CASES OF CLOSED-LOOP CONTROL OF THE DMCI

Case Closed-Loop Control Technique Used

1 PR1 + R3
2 PR1 + Static inverse transformation
3 PR1 + R2 + R3 + R5 + R7 + R9
4 PR1 + Static inverse transformation + R2 + R3 + R5

(Proposed control technique)

is shown in Fig. 18. The result shown in Fig. 18 uses a leakage
inductance of 200 nH as the reference over which the duty-ratio
loss is determined as the leakage inductance is increased to 400
and 600 nH.
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Fig. 21. (a) Experimental result when the current control includes fundamental PR and third harmonic resonant controller blocks (case 1), (b) corresponding
spectrum of the grid current. Scale: Grid current (Ch. 4) 8 A/div and grid voltage (Ch. 1) 200 V/div. Horizontal scale: 20 ms/div.

Fig. 22. (a) Experimental result when fundamental PR + inverse transformation is used (case 2), (b) corresponding spectrum of the grid current. Scale: Grid
current (Ch. 4) 2 A/div, grid voltage (Ch. 3) 50 V/div, and Vout (Ch. 1) 50V/div. Horizontal scale: 5 ms/div.

V. EXPERIMENTAL RESULTS

The experimental results are obtained using a GaN-FET-
based DMCI. The details of the hardware setup and picture
are provided in Fig. 19. The control of the DMCI is im-
plemented using DSP TMS320F28335. For grid-connected
mode, a second-order-generalized-integrator-based PLL [38]
is used to achieve grid synchronization. The PLL is imple-
mented in the DSP, along with the closed-loop current control
method.

Gate-to-source switching waveform and corresponding drain-
to-source voltage (VDS) waveforms for the DMCI employing
GaN Systems GS66506T and GS66508P GaN-FETs are pro-
vided in Fig. 20(a) and (b), respectively. The drain-to-source
voltage of the complementary secondary-side switch is also
shown. It can be seen from the experimental results that the os-
cillations in the gate driver circuit are completely eliminated and
the oscillations in VDS waveforms are also minimized. It is noted
that, along with the reduction in PCB parasitic inductance, use

of Kelvin source on GaN Systems GS66508P and SMD ferrite
beads helped in obtaining the final result.

Experimental results illustrating the problem of lower order
harmonic distortion of the DMCI and its solution are discussed
in the following part. Lower order harmonic distortion of the
DMCI needs to be compensated using closed-loop control. Ex-
perimental results using four cases of closed-loop control tech-
niques are presented and compared. These control techniques
are summarized in Table II. Note that, case 4 is the proposed
current control.

Fig. 21 shows the experimental result for case 1. The current
control uses only fundamental and third harmonic compensa-
tion. Static inverse transformation has not been used. It can
be seen that there is significant distortion in the grid current,
which is highly undesirable. The fifth harmonic amplitude is
found to be very high. The overall THD of the grid current is
found to be around to 41%. The grid current also contains a dc
offset.
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Fig. 23. (a) Experimental result when the current control has the MPR blocks alone (case 3), (b) corresponding spectrum of the grid current. Scale: Grid current
(Ch. 4) 8 A/div and grid voltage (Ch. 1) 200 V/div. Horizontal scale: 20 ms/div.

Fig. 24. (a) Experimental result when proposed control with multi resonant blocks and inverse transformation is used (case 4), (b) corresponding spectrum of
the grid current. Scale: Grid current (Ch. 4) 2 A/div, grid voltage (Ch. 3) 50 V/div, and Vout (Ch. 1) 50 V/div. Horizontal scale: 5 ms/div.

The effect of case 2, which uses the static inverse transfor-
mation is illustrated next. It can be seen from Fig. 22 that the
distortion in grid current is considerably high. Fig. 22(b) shows
the corresponding spectrum of the grid current. It can be seen
from Fig. 22 that there is dc offset, even harmonics and odd
harmonics. It is clear from this figure that a static inverse trans-
formation alone does not offer any significant improvement in
the grid current. The THD is measured to be 28%, which is high,
similar to the case seen in Fig. 21. The experimental result for
case 3, which uses only the MPR controller blocks up to ninth
harmonic is shown in Fig. 23. The static inverse transformation
is again not used. It can be observed that the lower order har-
monics are reduced in this case. The overall THD is observed to
be about 8%, which is still higher than the 5% limit set by the
IEEE 1547-2003 standard [39].

The result with the proposed current control (case 4) is shown
in Fig. 24(a). It can be observed that the grid current distortion
is reduced significantly. This is evident from the spectrum of the
grid current in Fig. 24(b). The grid current THD is measured to
be 4%, which is within the desired THD limit of 5%. Summary
of grid current THD for different control combinations is given
in Fig. 25. It can be observed that the proposed control technique
results in the least THD for the grid current.

Fig. 25. Grid current THD for different control technique combinations (cases
1–4).

The proposed closed-loop control of the DMCI performs sat-
isfactorily at different operating points as evident from Fig. 26.
The grid current reference, in Fig. 26(a), has been reduced to
1Apk to inject a power of 85 W to the grid. The grid cur-
rent THD is found to be 4.4% and found to meet the harmonic
requirements. The DMCI is operated in zero power factor (ZPF)
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Fig. 26. Performance of the DMCI with the proposed control at (a) low power (85 W) and (b) ZPF operation. Scale: Grid current (Ch. 4) 1 A/div, grid voltage
(Ch. 3) 50 V/div, and Vout (Ch. 1) 50 V/div. Horizontal scale: 5 ms/div.

Fig. 27. (a) Experimental CM source current (top trace) and its spectrum (bottom trace) when (a) fundamental PR + inverse transformation control is used (case
2), and (b) proposed control is used (case 4). Scale: CM source current (Ch. 4) 0.8 A/div and its spectrum (Ch. M1) 20 dB/div.

Fig. 28. Response of the proposed current control for a step change in grid
current reference. Scale: Grid current (Ch. 3) 6 A/div and grid voltage (Ch. 2)
200 V/div. Horizontal scale: 100 ms/div.

mode injecting only the reactive power to the grid in Fig. 26(b).
The grid current THD was observed to be 4.7%.

The effect of deadtime on the grid current THD was observed
experimentally. For a deadtime of 180 ns, grid current THD
is found to be 3.9%. It increases marginally to 4.1%, when a

larger deadtime of 400 ns is used. It is noted that the distortion
increases with higher deadtime. The proposed control maintains
the grid current THD<5% even when the deadtime is made
considerably higher. It was also found, as evident in Fig. 27 that
the improvement in the response of the DMCI does not come
at the price of any increase in the noise in the common-mode
(CM) current. The CM current is measured by passing the dc
source wires into a common Hall-effect-based current probe.
This would cancel out the differential-mode currents and result
only in CM current.

Finally, the transient response of the closed-loop DMCI using
proposed current control is observed experimentally. A step
change is given in the grid current reference. Fig. 28 shows the
corresponding transient response. It can be observed that the
current reaches the updated reference within three fundamental
cycles. The transition is observed to be smooth.

VI. CONCLUSION

Practical issues of harmonic distortion and HF noise in a
GaN-based DMCI are analyzed. A detailed analysis of occur-
rence of odd and even lower order harmonics in a practical
DMCI is presented. It is shown that the conventional control
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approach using a static inverse transformation is insufficient to
handle all the distortion in the practical DMCI. As a result, a
combination of multiresonant controller and inverse transfor-
mation is proposed to address the lower order harmonics issue.
A small-signal state-space model for the grid-connected DMCI
is derived. This model is used to determine the closed-loop
controller parameters. The effectiveness of proposed control in
addressing the lower order harmonics issue is validated experi-
mentally.

Another important issue is the HF noise in the DMCI. The
circuit PCB track inductance, the HF transformer leakage in-
ductance, and nonideal behavior of the circuit passive elements
are identified as the major factors contributing to the HF noise
in the DMCI. An optimized PCB layout is designed to limit the
PCB track inductance. The HF noise due to transformer leakage
inductance is attenuated using a passive nondissipative snub-
ber. Addition of suitable passive components based on their HF
impedance response is used to further reduce the HF noise in
the DMCI. The effect of these modifications in the DMCI in
reducing the HF noise has been validated experimentally.

A combination of the hardware design and control design as
described in this paper can address the grid current distortion and
HF noise issues effectively in a grid-connected fast-switching
GaN-based DMCI for PV microinverter application. This has
been verified using experimental results.

APPENDIX A
SMALL-SIGNAL STATE-SPACE MODEL FOR A DMCI MODULE

Consider that S1 is ON and S ′
1 is OFF in Fig. 8(a). The state-

space equations for module 1 of the DMCI for this case are as
follows:

dIl1

dt
=

Vin

L1
(A.1)

dIl1 ′

dt
=

k1Vc1

L′
1

− Vout1

L′
1

(A.2)

dVc1

dt
=

−nIl1 ′

C1
− Vc1

Rs1C1
+

Vcs1

Rs1C1
(A.3)

dVout1

dt
=

Il1 ′

Cout1
− Ig

Cout1
(A.4)

dVcs1

dt
=

Vc1

Rs1Cs1
− Vcs1

Rs1Cs1
. (A.5)

In (A.1)–(A.5), the state variables Il1 , Il1 ′ , Vc1 , Vout1 , and
Vcs1 are, respectively, the currents flowing through the inductors
L1 and L′

1 , the voltages across the capacitors C1 and Cout1 ,
and the voltage across the damping branch capacitor Cs1 . The
secondary-side capacitor voltages (C ′

1 and C ′
s1) are directly

proportional to the primary-side capacitor voltages and as such
no additional states are needed to capture their dynamics. In
(A.2), the parameter k is given by

k1 = n +
C1

nC ′
1
. (A.6)

Similarly, the state-space equations of the DMCI when S1 is
turned OFF and S2 is turned ON are as follows:

dI11

dt
=

Vin

L1
− k′

1Vc1

L1
(A.7)

dIl1 ′

dt
= − Vout1

L′
1

(A.8)

dVc1

dt
=

Il1

C1
− Vc1

Rs1C1
− Vcs1

Rs1C1
(A.9)

dVout1

dt
=

Il1 ′

Cout1
− Ig

Cout1
(A.10)

dVcs1

dt
=

Vc1

Rs1Cs1
− Vcs1

Rs1Cs1
. (A.11)

In (A.7), the parameter k′ is given by

k′
1 = 1 +

C1

n2C ′
1
. (A.12)

The state variables are initially averaged over a switching
cycle. Then, they are linearized around an equilibrium point
using duty ratio D1,0 , input voltage Vin, and grid current Ig .
Following the procedure in [40] and using (A.1)–(A.11), the
resulting linearized state-space system with a small-signal duty
ratio as the control variable is found to be of the following form:

˙̃X1 = A1X̃1 + F1D̃1 (A.13)

Ỹ1 = C1X̃1 . (A.14)

The matrices in (A.13) and (A.14) are defined as follows:

A1 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0 − k ′
1 (1−D1 , 0 )

L1
0 0

0 0 k1 D1 , 0
L ′

1
− 1

L ′
1

0
1−D1 , 0

C1
−nD1 , 0

C1
− 1

Rs 1 C1
0 1

Rs 1 C1

0 1
Co u t 1

0 0 0

0 0 1
Rs 1 Cs 1

0 − 1
Rs 1 Cs 1

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

(A.15)

F1 =
[

V in
(1−D1 , 0 )L1

nV in
(1−D1 , 0 )L ′

1
− nIg

(1−D1 , 0 )C1
0 0
]T

(A.16)

C1 =
[
0 0 0 1 0

]
. (A.17)

The output Ỹ1 in (A.14), is the small-signal voltage Ṽout1 for
the first DMCI module.

The final state equations are given by (A.15)–(A.17). These
are used to obtain the Bode plot of the output-to-duty-ratio
transfer function of the DMCI, which is used for the closed-
loop control design of the DMCI.

APPENDIX B
TRANSFER FUNCTION MODELS USED IN THE CLOSED-LOOP

CONTROL OF THE DMCI

Closed-loop control block diagram of the DMCI is shown
in Fig. 7. The transfer functions for the MPR blocks and the
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Fig. B.1. Bode plot of the open-loop DMCI module for output voltage to the duty-ratio transfer function (Gv d1 (s)) for different quiescent values of D1 ,0 and
(b) Bode plot of the output voltage to duty ratio transfer function for different levels of damping.

integrator are as follows:

GPR = kp +
krωcs

s2 + ωcs + (ω0)2

GR,h =
krhωcs

s2 + ωcs + (hω0)2 ; GI =
kI

s
. (B.1)

In the aforementioned equation, the transfer functions of the har-
monic compensators are represented using GR,h . For proposed
control, h = 2, 3, 5.

The static-inverse-transformation block follows the MPR and
integral controllers. This transformation has to be separated into
small- and large-signal parts. Equation (4) can be rewritten as

D1,0 + D̃1 =
Vref1,0 + Ṽref1

Vref1,0 + Ṽref1 + nVin/m

=
Vref1,0

Vref1,0 + nVin/m

(
1 + Ṽref1/Vref1,0

1 + Ṽref1/(Vref1,0 + nVin/m)

)

(B.2)

In (B.2), D1,0 and Vref1,0 are the quiescent operating points
around which small-signal linearization is performed. Note that
Vref1 of (4) is written as

Vref1 = Vref1,0 + Ṽref1

in (B.2). This equation can be further simplified as

D1,0 + D̃1 ≈ D1,0 + D1,0
Ṽref1

Vref1,0

⇒ D̃1 =
D1,0

Vref1,0
Ṽref1 . (B.3)

The state-space model for the DMCI can be converted into
an equivalent transfer function using the following standard
transformation:

Gvd1(s) =
Ṽout1(s)
D̃1(s)

= C1(sI − A1)−1F1 . (B.4)

where Ṽout1 and D̃1 are the small-signal perturbations on the
output voltage Vout1 and duty ratio D1 around the quiescent
point of module 1. The complete expression for the transfer
function Gvd1(s) can be derived as follows:

Gvd1(s) =
y1 + y2 + y3

(D1,0 − 1)[x1 + x2 + x3 + x4 + x5 + x6 ]
.

(B.5)

The terms in the aforementioned equation are as follows:

y1 = (k1 − k′
1n)(Cs1Rs1s + 1)VinD

2
1,0

y2 = (Cs1Rs1s + 1)(IgkL1ns − k1Vin + 2k′
1nVin)D1,0

y3 = n
(
L1(Cs1Rs1sC1 + C1 + Cs1)s2

+ Cs1k
′
1Rs1s + k′

1) Vin

x1 = k′
1(Cs1Rs1s + 1)(Cout1L

′
1s

2 + 1)(D1,0 − 1)2

x2 = L1s
2Cout1k1nD2

1,0

x3 = L1s
2Cout1Cs1k1nRs1sD

2
1,0

x4 = L1s
2Cout1Cs1L

′
1s

2

x5 = L1Cs1s
2

x6 = L1s
2C1(Cs1Rs1s + 1)(Cout1L

′
1s

2 + 1). (B.6)

Fig. B.1(a) shows the Bode plot of Gvd1(s) of a DMCI module
for three cases of D1,0 . It can be observed that the frequency
response is different for the three cases of D1,0 , as expected
due to the shifting of the system eigenvalues. Fig. B.1(b) shows
the inherent low damping in the DMCI that was described in
Section III-B1.

As can be seen from the output voltage to duty ratio Bode
plot presented in Fig. 8(b), the DMCI has negligible damping
without the Rs − Cs damper branch. This causes the stable
closed-loop control of the DMCI difficult to achieve. Hence, to
reach a nearly optimal level of damping the values of the damper
branch are computed iteratively. The Bode plot in Fig. B.1(a)
for different values of the duty ratio is for an optimal value of
Rs = 8 Ω and Cs = 22μF.

The remaining transfer function is the grid-side impedance.
It is given as

Zg (s) =
1

Rg + sLg
. (B.7)

The final transfer function expressions in (B.1), (B.3), (B.5),
(B.6), and (B.7) are used in the design of the controller gains
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described in Section III-B. The loop-gain used for the control
parameter design is given by

L(s) = [GPR + GR2 + GR3 + GR5 ]Gvd1Zg
D1,0

Vref1,0
. (B.8)
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