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Abstract: Different power converter topologies are used to perform the energy exchange between an AC grid and a DC source
belonging to a hybrid electric micro-grid. A single-phase single-stage isolated AC-DC power converter is one of them.
Moreover, this power converter can operate under different modulation strategies. The phase-shift modulation (PSM) strategy is
capable of varying the phase between the voltages applied to the high-frequency transformer terminals of the power converter
in order to control the energy flow in both directions. Based on the PSM strategy, this study presents a novel modified PSM
strategy capable of controlling the power flow in both directions and obtaining a current with low total harmonic distortion and a
power factor close to 1 for the entire operating range on the AC side. Considering the novel modulation strategy to be proposed,
a comparison of three PSM-based modulation strategies was carried out taking into account the total harmonic distortion of
current injected into the AC grid, the power factor and the average power transferred. A theoretical analysis was carried out and

the results obtained were validated by means of experimental results.

1 Introduction

Electricity demand and electric energy generation through
renewable energy sources such as wind, photovoltaic, hydraulic
and so on are ever-growing. In this context, it is necessary to
integrate the renewable energy sources with the conventional
electric power system through power electronic converters which
allow to control more efficiently the electric energy in terms of
generation, distribution, transmission, consumption and storage [1].

Electricity generation distributed through renewable resources
is a key factor for modern society, but its integration with the
conventional electric power system presents great challenges in
terms of energy quality [2].

A network which can integrate different energy sources and
loads through a DC bus, an AC bus or a combination of both is
called a micro-grid. The advantages and disadvantages of the
micro-grid with a DC bus and an AC bus are presented in [3, 4].

A micro-grid can be interconnected with the conventional
electric power system or not. This type of interconnection can be
carried out by means of a DC-AC isolated bidirectional power
electronic converter.

In the literature analysed, different types of converter topologies
were found based on the operating principle of dual active bridge
(DAB) converters [5] which can increase or decrease voltage levels
and perform DC-DC energy conversion in an isolated and
bidirectional way.

Based on the operating principle of the DAB converter, the
power exchange between an AC grid and a DC bus can be
achieved through different conversion stages [6].

In [7], the DC-AC conversion requires an intermediate stage of
conversion DC-DC which uses an additional DC bus with its
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capacitors, respectively. These capacitors can be large and
expensive [8]. Otherwise, there are different topologies that
perform DC-AC conversion in an isolated and bidirectional way
without the need for an intermediate stage of conversion [9-15].

These types of isolated and bidirectional DC—AC converters are
commonly used in topologies called solid-state transformers (SST)
[16, 17].

Fig. 1 shows the schematic diagram of the single-phase single-
stage isolated DC—AC converter.

Different modulation strategies are used to control the power
flow. The modulation strategies to be mentioned below can be
applied for DC-DC and DC-AC topologies taking into account the
voltage amplitude on the AC side is variable in a grid period for a
DC-AC converter.

The phase-shift modulation (PSM) strategy controls the power
transfer bidirectionally by changing the phase between the voltages
applied to the power converter's high-frequency transformer
terminals. In [5, 18], this strategy is applied to DC-DC and DC—
AC converters, respectively.

In [19], a combination of the trapezoidal modulation (TZM) and
triangular modulation (TRM) strategies to reduce power losses in a
given operating range for a DC-DC converter is presented. These
strategies operate the DC-DC converter in order to make the
waveform of the current through the high-frequency transformer
trapezoidal or triangular.

Based on PSM, TZM and TRM strategies, a hybrid modulation
strategy applied to a DC-DC converter for ultracapacitor
applications to extend the control range to lower power levels is
proposed in [20].

DC bus

—
=5
—
AC DC -

High frequency
transformer

Fig. 1 Schematic diagram of the single-phase single-stage isolated DC-AC power converter
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Fig. 2 Topology of the single-phase single-stage DC—-AC power converter

Table 1 Switching states

AC H-bridge AC H-bridge DC H- Voltages
vae(H) > 0 vy(H) < 0 bridge

SIA SIB

Sap Sip $24 S N Sia [ O, Vprim Ve
Ssp Sip Sz S3a S Sia

S4A SAB

1 1 0 1 1 0 1 0 +ve+Ve
1 0 1 1 0 1 0 1 —ve =V
1 1 0 1 1 0 0 0 +v,e O

1 0 1 1 0 1 1 1 —ve O

In [21], a new modulation scheme for a DC-DC converter is
presented. This scheme allows selection of a specific mode of
operation to generate the minimum RMS current on the inductor
which produces minimal copper and conduction losses.

To increase the efficiency over a wide range of the DC-DC
converter operation, the PSM, TZM and TRM modulation
strategies are combined in [22].

In [23], a dual-phase-shift modulation strategy is proposed to
eliminate reactive power in the DC-DC converter and in [24] a
detailed characterisation of the DC-DC converter is performed
using this modulation strategy.

The implementation and transition between the different
modulation strategies applied to the DC-DC converter are
relatively complicated. Therefore, in [25], a simple and flexible
concept for generating pulse width modulation signals for all
possible modulation strategies is presented.

The modulation strategy introduced in [10] controls the single-
phase DC-AC converter under soft switching for the operating
range in internal mode and achieves a current with low total
harmonic distortion (THDi) and power factor (PF) close to 1 on the
AC side.

A combined phase-shift and frequency modulation is applied in
an isolated and bidirectional single-phase DC—AC converter in
order to obtain a current with low THDi and PF close to 1 on the
AC side. This process is carried out under a soft-switching
operation range [12].

In order to extend the soft-switching operation range within a
certain range of power transferred, a sinusoidal pulse width
modulation is used to obtain a current in the AC side with PF close
to 1 and lower THDi [15].

The operation point where the maximum value of transferred
power is obtained occurs when the modulated voltages applied to
the high-frequency transformer terminals of the power converter
reach a 50% duty cycle and a 90° phase angle between them [5, 18,
26].
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The above-mentioned papers for the single-phase single-stage
isolated AC-DC converter do not evaluate the converter at the
maximum power transfer operating point because the total
harmonic distortion of the current is increased.

Considering the maximum power transfer operating point, three
modulation strategies based on PSM are introduced in this paper.

The novel modified phase-shift modulation (mPSM) strategy
proposed in this paper allows controlling the power transferred and
obtain a PF close to 1 and an AC current with lower harmonic
distortion (THDY) for entire operation range of the isolated single-
phase single-stage DC—AC converter.

A topology description and a theoretical analysis of the
operation principle of the single-phase single-stage bidirectional
isolated DC—-AC converter are presented in Section 2 of this paper.
Considering the modulation strategy to be proposed, a
mathematical analysis of the three PSM-based modulation
strategies is presented in Section 3. The experimental results
confirming theoretical predictions and the method of AC filter
design are presented in Section 4. Lastly, conclusions are presented
in Section 5.

2 Topology description and operating principle

This section presents a single-phase single-stage DC-AC power
converter used to interconnect a conventional single-phase AC grid
with a DC source represented by a DC bus belonging to a hybrid
electric micro-grid. In this paper, the voltage of the DC bus called
V4 is considered constant in a switching period and the voltage of
the single-phase AC grid can be represented by

Vool 1) = Vosinfa, 1) ()

where V,. is the maximum value of the AC voltage,
o, =2nf,=2nl/T,, f,is the grid frequency in Hz and T, is the grid
period in seconds.

The power converter used in [10] allows to increase or decrease
the voltage levels, control the power flow in a bidirectional way
and isolate the single-phase AC grid with the DC bus through a
high-frequency transformer. The topology of the single-phase
single-stage DC—AC power converter is shown in Fig. 2.

This converter is composed of two H-bridges and a high-
frequency transformer which, together with an auxiliary inductance
L,, are used as an interface to interconnect the DC and AC sides.

The DC H-bridge is implemented via unidirectional switches
with their corresponding anti-parallel diodes which are responsible
for imposing the modulated voltage vs.. between the terminals of b
and b'. The AC H-bridge is implemented via voltage and current
bidirectional switches, with their corresponding anti-parallel
diodes. The former are responsible for imposing the modulated
voltage vpgim, between terminals a and a’.

The transformation ratio is defined as n = N2/N1, where N1 and
N2 represent the number of winding turns on the AC side and DC
side, respectively.

In order to mitigate the harmonic components produced in the
AC grid current i,.(f) by the commutations in the power devices, a
low-pass filter must be used [27]. The AC filter design method will
be explained afterwards taking the transferred power and the
system parameters into account.

The converter operation principle is based on power flow
control by means of phase-shift applied between the modulated
voltage we. and vpgy,. In this paper, the phase shift is represented
by 6.

In the AC H-bridge, each bidirectional switch is implemented
with two unidirectional switches which are represented as S,4 and
its complementary S, The DC H-bridge switches are represented
as Q,, where x corresponds to the switch number.

The power devices of each leg of the DC H-bridge are switched
in a complementary way and, with the aim of avoiding
overvoltages in the switches of the AC H-bridge, the following
switching states are established as shown in Table 1 [28].
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Fig. 5 Waveform in a switching period of nvp, and vs.. voltages, and
irq (1) and ip, () currents for 6 = 0

3 Modulation strategy

This section presents a modulation strategy, which consists in
switching the power devices of both H-bridges in order to impose a
voltage vp;, between the terminals ¢ and «’ and another v
between the terminals b and b’ with a duty cycle of 50% and
constant frequency.

The AC H-bridge switches are activated with a certain phase
shift & with respect to the DC H-bridge switches. Furthermore, the
average power transfer and the current waveform of the AC grid
can be adjusted according to the variation of phase shift as will
eventually be explained.

1024

Power devices are switched with an angular frequency defined
as

wyt =2nf, = 2alT, ?2)

where f; is the switching frequency in Hz, and T is the switching
period in second.

Three cases can be mentioned in relation to the power flow
transferred between the AC side and the DC side. The first case
corresponds to 6 > 0 where the power transfer is made from the
AC side to DC side; the second case for § < 0 where the power
transfer is made from the DC side to the AC side, and, finally, for
6 = 0, the power transfer is zero.

Figs. 3-5 show the waveforms in a switching period of the
voltages nvpgn, and vse. the instantaneous current through L, and
the instantaneous current at the AC H-bridge input, defined in this
paper as i,(f) and i,.(f), respectively, for the three cases
considered.

On the other hand, the converter behaviour can be deduced
from a mathematical model based on the waveform of the
instantaneous current through L,,.

To find the expression of the instantaneous current in L, the
intervals 1 (0 < wy¢ < 8) and 2 (5 < wgt < &) are established and &
is measured with respect to nvpy, considering the centres of each
of the nvp, and vs.. modulated voltages.

Equations of instantaneous current for each interval are defined
by

&
a0 = - [ Vudos

(nv, Vsec) ®)
_ Prim — YSec .
= Twst +i14(0)
. 1 i
iLn () =E,£ Vidwg¢
) )

_ (VPrim — Vsec) .
= T(wsf —0) + i14(5)

where V;, is the voltage applied to terminals of L, irq:(f) and irq(f)
are the equations of the instantaneous currents applied in L, for
intervals 1 and 2, respectively, and i;,(0) and i;,(5) are the initial
currents applied in L, for intervals 1 and 2, respectively.

The initial currents values can be obtained by

(‘T”'Prim _ "'Sec)

i) = - PN
e ®)
(nVprim + Vge) 5
- 2L o ©)
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, (MVprim — Vsec)
= — 4( —
i140) - 5)
(nVprim + Vsec)
2L ©)

(©6)

In addition, #,,(7) current is a reflection of i;,(f) current affected by
the transformation ratio n and inverted by the switching sequence
established. Therefore, in the intervals corresponding to 1-2 and
3-4, ip,{t) current presents the same waveform as can be observed
in Figs. 3-5.

The average value of ip, () in a switching period can be
deduced from

. [
lacSw = n;f i pac(t) dagt
0

=n%( f vl dn + f " ial® dwsz] 7

Ve
= =)

In (7), the value of s, during each commutation period depends
on the system parameters and is a function of the variable &.
Therefore, it can be deduced that the current waveform during a
grid period can be controlled by means of § variation during
different time intervals as shown in Fig. 6.

In this paper, the phase variation with time is defined as a
mPSM.

On the other hand, the waveform of i.(f) current and the
waveform of synthesised i,.s, current in a grid period can be
considered the same.

With the aims of performing a theoretical analysis of the
waveform of () in a grid period using different mPSM strategies
to operate the power converter, (7) can be rewritten as shown in (8)
when taking into account the following considerations:
Vaol (Lyww,) = 1,f,(5) = 3tz and f,(1) = 51"

it = fi(0) — fi(1) (8)

For positive or negative d(r) values, the term of f(f) = 507 is
always positive. To resolve this issue, the f(f) function can be
written as £, () = sign(6(£))6(tY where sign(5(1)) = 8(1)/|5(1)).

Additionally, the following equations are used to evaluate the
total harmonic distortion of the i,.(f) current (THD{) and the PF
[29]

THD; = Yy =1 ©)

I

1

—— _DPF
1+ THD{? (10)

where i,(rms) is the effective value of current i,.(f) and i, its

fundamental component. DPF is the displacement power factor.
For the first mPSM proposed to operate the power converter, a

triangular function is used as defined in the following equation:

PF =

&,(t, k) = karcsin(sin(ew,£)) (11)

where §y(t, k) is the first mPSM, which corresponds to a triangular
function, and |k| < 1 is a constant proportional to the peak value of
the signal.

The power converter operation with 6,(¢, k) and k = 1 produces
the waveforms of f,(t), f,(t) and i () with their corresponding
frequency spectrum as shown in Fig. 7.

Regarding the theoretical analysis of the waveform of i,.(7) in
Fig. 7, it can be deduced that the difference between f,(f) and f,(¢)
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Fig. 8 Waveform of v,.(t) and i,(t) in a grid period using 8,(t, k) with
k=landk= -1

results in current i,.(f) which is satisfied by (8), both in time and
frequency domains.

The PF value reached is close to 1 across the entire operating
range.

In order to verify bidirectional power flow, the waveforms v,.(f)
and i,.(¢) in a grid period while the converter is being operated with
values & (t,k) >0 with k=1 and &(t,k) <0 with k= —1,
respectively, are shown in Fig. 8.

On the other hand, the operation of the power converter with
8,(t, k) for values of |k| < 1 results in two particular cases defined
by the intervals between 0.7 < |k| < 1 for the first case and
|k| < 0.7 for the second case.

In the first interval, the decrease of the third harmonic
component in () produces lower THDi percentages than the
THD:i percentage obtained for k = 1.
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By contrast, in the second interval, the odd harmonic
components of i.(f) which increase the THDi percentage to a
higher value than for k=1 are more preponderant.

The theoretical analysis of i,.(f) for both cases can be deduced
from (8) in both time and frequency domains.

In addition, the resulting waveforms of f,(¢), f,(f) and i, (f)
obtained with their corresponding frequency spectrum for k = 0.8
and k = 0.5 are shown in Figs. 9 and 10, respectively.

The THD: percentages achieved are close to 2.1 and 6.21% for
k=0.8 and k = 0.5, respectively, while the PF values obtained
across the entire operating range are close to 1.

For the second mPSM strategy proposed to operate the power
converter, a sinusoidal function is used as defined in the following
equation:

a(t, k) = k(a/2)sin(w,1) (12)

where k is a constant proportional to the peak value of signal

oft, k).
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Similar to the analysis performed when the converter is
operated with 8,(z, k), it can be deduced that when the amplitude of
f1(?) is greater than amplitude of f£,(¢), the difference between both
increases and, therefore, the waveform of i (f) approximates a
sinusoidal function of frequency w,as shown in Fig. 11.

By contrast, when the difference between the amplitudes of
fi@® and f,(t) decreases, the waveform of i,(f) no longer
approximates a sinusoidal function, which increases the THDi
value as shown in Fig. 12.

In addition, the analysis performed for both cases is satisfied by
(8) in both time and frequency domains.

The calculated percentage of THDi is close to 5.44% for
k =0.5 and 14.91% for k = 1. The PF values obtained across the
entire operating range are close to 1.

With the objectives of controlling the average power value
transferred and obtaining a sinusoidal waveform of i,.(f) with the
lowest total harmonic distortion and a PF close to 1 for the entire
operating range, the novel mPSM strategy is developed below.
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Similar to the analysis conducted in [18], an approximately
sinusoidal waveform is achieved when the power converter
operates with 6(¢, k) and k = 1.

A comparison of the i,.(f) waveform obtained for §(z, k) and
k = 1 with a sinusoidal function defined as (z/2)’sin(w,?) is shown
in Fig. 13.

The previous approximation can be considered as

iac(t) = 6,(t, k) — 8,(1, k) = (/2) sin(ay1) (13)
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Additionally, the function w,s in (13) can be replaced by the mPSM
strategy defined in this work as a 6{z, k), which results in

inc(t) = (/2)’sin(8, (1, k)) (14)

With the aim of achieving a i,(f) current whose waveform
approximates a sinusoidal function of frequency w, for the entire
operating range, (15) is proposed. The previous one imposes as a
condition that the waveform of i,.(f) has to be always equal to a
sinusoidal function defined as k’'sin(w.?) for the entire operating
range

ine(£) = k'sin(e,1) (15)

To obtain an mPSM strategy &(z, k)0, the second terms of both
equations in (14) and (15) can be matched to solve &(t, k) as
indicated in the following equation:

(ﬂfZ)ESil]((s}(I,k)) = k'sin(,1)

&(t k) = arcsin(k’ izsm(w,t)] (16)
T

Finally, with the aim of normalising the obtained mPSM strategy
85(t, k) as a function of £, (16) can be rewritten considering k < 0 as
[k'(4/7*)| < 1 as shown in the following equation:

O5(t, k) = arcsin(ksin{w 1)) (17)

In order to evaluate the obtained mPSM strategy (¢, k), the power
converter is operated using different intervals of & defined every
0.1.

Fig. 14 shows the waveforms of 64z, k) and i,(?) in a half grid
period obtained during the operation of the power converter with
0<k<1.

Otherwise, the waveforms of &(t, k) and i,(f) obtained for
—1 <k < 0 are the same as in Fig. 14 but with negative polarity.

In Figs. 15 and 16, the waveforms of f,(7), f,(f) and i.(¢) are
shown in a grid period with their corresponding frequency
spectrum when the power converter is operated with &(¢, k) for
k = 0.5 and k = 1, respectively.

Similarly to the analysis performed by the mPSM strategies
6i(t, k) and 6,(¢, k), the theoretical analysis of i,.(f) when the power
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Fig. 17 Theoretical results of THDi% as a function of the factor k for each
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Fig. 18 Theoretical results of the normalised average power Ppeq.d (k),
Preaid2(k) and P ,00n04(k) as a function of k

DSC controller TMS320F28335

DC H-bridge
High-frequency
transformer

Fig. 19 Laboratory prototype

AC H-bridge

Table 2 System parameters

Vac Vdc f r f 5 n La

311V 311V 50 Hz 20 kHz 0.6 475 pH

converter is operated with the mPSM strategy J(t,k) can be
performed and satisfied by (8) both in time and frequency domains.

The THD: values obtained are close to 2.22% for k = 0.5 and
3.8% fork = 1. The PF values obtained across the entire operating
range are close to 1.

Consequently, the mPSM strategy &(t, k) allows to operate the
power converter obtaining an i.(f) current whose waveform
approximates a sinusoidal wave of grid frequency. PF close to 1
and THDi percentage lower than 5% are obtained for the entire
operating range.
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With the objective of evaluating the average power transferred
for each mPSM strategy used, the following analysis can be
performed.

With the aim of evaluating the total harmonic distortion of
current i,{f) across the entire operation range for the three
modulation strategies presented, the theoretical curves of the THDi
percentage as a function of the factor & are displayed in Fig. 17.

3.1 Calculation of the average power transferred

The theoretical average power transferred can be determined by

1 0
Prhean = Ef
2

By solving (18) for each of the proposed mPSM strategies, the
following equations can be obtained:

e .
_f VerimiLa () dwst) dw,t (18)

T

nV, V.
P eadi(k) = #zmdck(Zn + 4k — 272k) (19)
a 5
Ve Ve
Faen 400 = Top ook = 44 0)
n VdC V C .
Prcands(k) = 4d (r+ 77.'4)aICSIIl(k)

—(1 + 7))arcsin’(k))

where Ppeandi (5), Pean®:(k) and P, 8 (k) are the equations of the
average power for each of the modulation strategies 6 (¢, k), & (t, k)
and 8,(¢, k), respectively.

Fig. 18 shows the normalised average power values per unit for
the entire converter operating range using each of the mPSM
strategies.

To evaluate the average power transfer achieved by each of the
mPSM strategies used, in Fig. 18, it can be deduced that the
maximum power transferred by mPSM 8,(¢, k) strategy is greater
than the maximum power Py eq,01(k) and Py q,,05(k) by <10%.

By operating the power converter with mPSM strategies & (¢, k)
and 8;(¢, k), the maximum power reached is the same.

4 Experimental results

In order to wvalidate the proposed mPSM  strategies, the
experimental results were obtained through a laboratory prototype
which operates with single-phase or three-phase power systems.
The laboratory prototype is shown in Fig. 19.

The experimental results were obtained by means of a
laboratory prototype built to operate up to three-phase grid, as
shown in Fig. 19.

The auxiliary inductance and the high-frequency transformer
were built with ferrite core and litz wire to reduce power loses.

In AC H-bridge and DC H-bridge, the SEMIKRON power
devices used are SKMI150GMI12T4G and SKMI150GB12T4G,
respectively.

A digital Texas Instrument DSC controller TMS320F28335 was
implemented to run the modulation algorithms.

To compare the experimental results with the previous
mathematical analysis, the system parameters were chosen taking
into account that Vy./(I,zw,) ~ 1 as shown in Table 2.

With the aim of mitigating the harmonic components in the
inc(?) current, the low-pass filter was designed taking into account
the power transferred and the system parameters.

In order to build the prototype, the low-pass filter detailed in
Section 4.1 and the parameters indicated in Table 2 were taken into
consideration.

On the other hand, the experimental results obtained below
were achieved with the objective of evaluating the three mPSM
strategies presented for the operation range |k| < 1.
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Fig. 20 Experimental results of v,.(t) and i,.(t)in a grid period using the
modulations 8(t, k), &(t, k) and 5{t, k) with k = 0.5
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Fig. 21 Experimental results of vac(t) and iy (1) in a grid period using the
modulations 6,(t, k), &(t, k) and 5t, k) with k = 1

In Figs. 20 and 21, the power converter operation through each
of the mPSM strategies used is shown for values of k = 0.5 and
k = 1, respectively.

Both figures were graphically represented through the data
captured from the oscilloscope and show the experimental result of
v,{#) and i, (¢) in a grid period with their corresponding frequency
spectrum.

From Figs. 22-27, the experimental results obtained by means
of oscilloscope screen capture show the waveforms of vpgim, Vsec,
Vo), @ac(f), instantaneous power transfer defined as P, (f) and
digital signals to activate the switches of the AC H-bridge for each
of the mPSM strategies used.

Figs. 22 and 23 correspond to the power converter operated
with strategy (¢, k) for k values of 0.5 and 1, respectively.

Figs. 24 and 25 correspond to the power converter operated
with strategy 5,(t, k) for k values of 0.5 and 1, respectively.
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Figs. 26 and 27 correspond to the power converter operated
with strategy 6;(z, k) for k values of 0.5 and 1, respectively.

Using the 8(t, k) strategy to operate the power converter, the
experimental result for a change in the power flow is shown in
Fig. 28.

The values of THDi and the average power transferred were
calculated using k intervals every 0.1 for the three mPSM strategies
applied to operate the power converter.

Normalised average power and THDi percentage are
represented for the range of k] < 1 as shown in Figs. 29 and 30,
respectively.

According to the experimental results obtained, it can be
observed that the waveform i,(f) presents current overshoots at
each cross over zero of v,(f) where nvp;,=0. This can be
deduced from the following analysis.
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Fig. 27 Experimental results of vprim: Vseo Pinst(t), Va(t) and i (t) and
digital signal of AC H-bridge for 5; (t, k) with k = 1

At the end of each half of the grid period, the ip,(f) current

reaches a high value as shown in Fig. 31 which can be calculated
from (3).

Additionally, due to the switching strategy used, the polarity of
the iy () current changes abruptly after each cross over zero of
v,(#) causing an overshoots of current.

An overshoot in the iy (f) current, whose value is constant,
produces higher percentages of total harmonic distortion in i (f)
current when the value of & is lower.

According to the calculated THD: values, it can be seen that for
values of £<0.3, the experimental THD: values diverge from the
theoretical values as shown in Fig. 30.

1030

1.6004
AL MG - Ciol
2164V

!
Guardar en archio =|frcsink 10cambic? )
43 Delatrear Intra Elirminar Incremento Presione para
a

——

Fig. 28 Experimental results of Vpiim, Vsee PinskD), valt) and i,.(t) and
digital signal of AC H-bridge for §(t, k) with power flow inversion
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4.1 Low-pass filter design

In the topology used, it can be deduced that the voltage vpp, is
equal to the voltage of the capacitor inverted every half period of
switching.

IET Power Electron., 2020, Vol. 13 Iss. 5, pp. 1022-1032
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The instantaneous voltage of the capacitor is defined as v.(f)
and can be obtained by

ve(t) = nCLf/.ihaC(t) dr = nclf/ilﬂ(t) dr (22)

where C; is the capacitor value in pF.
Solving (22) for each iy (f) interval results in the following:

n &
velt) = C_f./

T

[” VPrim — FSEC}
L,

o+ iLa(O)l dt 23)

(MVprim — Vsec) .
T(a)s - o)+ lLa(é)Idf (24)

Vo (1) = Cif
5

where v.(f) and v.(f) are the capacitor instantaneous voltages
corresponding to interval 1 and 2, respectively.

According to the switching and modulation strategies used, the
greatest difference between the amplitudes vse. and nvp, occurs at
the zero crossings of v,{(?).

In this case, the amplitude of vp;;, and the phase angle between
Vsee and nvpg, are close to zero; thus, the instantaneous current
exchange rate di,,.(¢)/dt reaches its maximum value.

The operating condition of the capacitor for the previous case
can be considered the worst.

The waveforms of i,,(f) and v.(f) for the worst operating
condition are shown in Fig. 31.

Depending on the system parameters defined above, the
waveforms v(f) and v,.(f) are not similar if the C; value is not
carefully selected.

On the other hand, to prevent the v, (f) waveform from crossing
the zero-voltage axis, the difference between v(#) and v,(f) can be
considered to be <10% of V,. value.

Taking into account the previous consideration, the C value

can be obtained by solving (23) for the worst operating condition
as

_n
T 0.1V

Cy +v/0) (25)

—Wec {T_\: Ve {3)
L, |\ 8] 2L\

where 1,.(0) is the initial voltage of the capacitor.

The low-pass filter inductance defined as L can be calculated
by means of (26) taking into account the C; value and the cutoff
frequency of the low-pass filter

fe ks
1 (26)

b= arr o

where f, is the cutoff frequency of the low-pass filter.

According to the analysis performed and considering a cutoff
frequency equal to 5 kHz, the values of capacitance and inductance
adopted are G; = 1 yF and L;= 1 mH, respectively.

5 Conclusion

Three modulation strategies applied to an isolated, single-phase,
single-stage, bidirectional, step-up/down AC-DC power converter
for applications in electric micro-grids were analysed and
compared.

The converter studied presents high-frequency harmonic
components, therefore a filter is needed to attenuate them and
reduce the THD: percentage.

A novel modulation strategy was proposed which allows to
operate the power converter resulting in a phase current with low
THD and PF close to 1 for the entire operating range.

In relation to the percentage of THDi obtained, similar
theoretical and experimental results were achieved for each of the
mPSM strategies applied to the power converter.

IET Power Electron., 2020, Vol. 13 Iss. 5, pp. 1022-1032
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The theoretical results reached maximum percentages of THDi
less than 12% for 6i(, k), 14.5% for 6,(, k) and 4% for & (¢, k).

Experimental results show a peak current in each zero crossover
of v,(¢) and its constant value produces higher percentages of THDi
when the value of & is lower.

In the operation range of 0.3 < |k| < 1, the experimental results
achieved from the maximum percentage of THDi were less than
11% for 6(t, k), 13% for 5,(¢, k) and 5% for 8s(¢, k).

For the three mPSM strategies, theoretical and experimental PF
values reached were close to 1.

With regard to the average power transfer reached for each of
the mPSM strategies applied to the power converter, similar
theoretical and experimental results were obtained.

Through the & (7, k) and 8¢, k) mPSM strategies, the maximum
average power transfer obtained for both cases was 382 W for the
theoretical results and ~405 W for the experimental results.

The power converter operated by the 5{t,k) mPSM strategy
reached a maximum value of average power transferred equal to
428 W for the theoretical result and 449 W for the experimental
results.

Regarding the results obtained, when operating the power
converter through the &(t, k) mPSM strategy, a better quality of

energy is obtained at the time of the energy exchange between the
micro-grid of DC and the AC grid.
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