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Minimum Switching Losses Discontinuous PWM
Strategy for Bidirectional Single-Phase AC-DC
Converter With Active Power Decoupling Circuit

Junzhong Xu

Abstract—Active power decoupling circuits are used in bidirec-
tional single-phase grid-connected systems to enhance the circuit
lifetime by creating an alternative path for the typical dc-side
power pulsating ripple. Therefore, this reduces the requirement
of smoothing dc capacitors allowing compact designs even with the
implementation of long life metalized film technology. However,
with the necessary addition of auxiliary components, extra power
losses in the added switching devices and passive components
will be introduced, which will inevitably reduce the system power
conversion efficiency. To relieve this issue, a new discontinuous
pulsewidth modulation (PWM) strategy with minimum switching
losses is proposed in this article. This method detects the converter
current and reference voltages synchronously to determine the
optimum clamped duration of each circuit phase-leg. With such
a characteristic, the proposed strategy can realize the minimum
switching losses at any instant, thus improving the power conver-
sion efficiency and potentially the power density of the converter.
The proposed modulation method is described, analyzed, validated,
and compared with different PWM methods on a 2-kVA bidirec-
tional single-phase ac—dc converter with active power decoupling
circuit.

Index Terms—AC-DC converter, active power decoupling,
discontinuous pulsewidth modulation (DPWM), single phase,
switching losses.

I. INTRODUCTION

ULL-BRIDGE based single-phase ac—dc voltage source
F converters have been widely used in industrial applications,
such as grid connected inverters [1], pulsewidth modulation
(PWM) rectifiers [2], and static synchronous compensators
(STATCOM) [3]. Unfortunately, the inherent ripple power in
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the converter results in an undesirable low-frequency ripple on
the dc-link, which can degrade the system performance in terms
of ac current distortion, and reliability [4]-[6]. To address this
significant issue, the most widely used approach is to apply large
energy storage devices, i.e., bulky electrolytic capacitors, on the
dc side to passively smoothen up the power oscillation, which
will result in bulky size of the converter and reduced lifetime
of the system [7]-[10]. In order to reduce the requirement of
dc capacitor bank, a great deal of researches have been con-
ducted on active power decoupling techniques. This offers an
alternative path for the ripple power to flow through by using
extra energy-storage components such as capacitors or inductors
and auxiliary power switches, so that it enables a considerable
reduction on the requirement of smoothing capacitors on the
dc-link and improve the power density remarkably [11]-[26].
Consequently, this concept has attracted considerable attentions
from both industry and academia in recent years.

The active power decoupling methods can be mainly divided
into two categories: 1) dc-type [12]-[14], [16], [17] and 2)
ac-type [18]-[26]. The former has a unipolar voltage in the
decoupling capacitor, while the latter has a bipolar one. DC-type
decoupling methods consist of a buck-type circuit [see Fig. 1(a)]
[12], [13], a buck—boost type circuit [see Fig. 1(b)] [14], [15], or
a boost-type topology [see Fig. 1(c)] [16], [17]. AC-type decou-
pling methods include flying capacitors circuits [see Fig. 1(d)
and (e)] [18], [19], full-bridge converter [see Fig. 1(f)] [21], [22],
and half-bridge topology [see Fig. 1(g)] [21]-[26].

Due to the lower requirement for switching control band-
width, reduced components, and less current and voltage stress
on the additional decoupling capacitors and power switches
[7], [21], the study of ac-type half-bridge-based active power
decoupling method with the decoupling capacitor connected
between the extra half-bridge and another one of the single-
phase full-bridge converter [see Fig. 1(g)] and its corresponding
modulation strategies have gain momentum [21]-[26]. By using
the space vector pulse width modulation (SVPWM) strategy in
the ac-type decoupling method, the dc voltage utilization can
be maximized, and more ripple power can be decoupled [22]. In
[23], the performance of an ac-type decoupling method is further
analyzed including the effect of grid filter inductance with all
grid power factors. Via a trivial modification from the topology
in [22], a SPWM-based modulation method developed in [24]
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Full-bridge based single-phase ac—dc voltage source converters with (a) dc buck type [12], [13], (b) dc buck—boost type [14], [15], (c) dc boost type [16],

[17], (d) and (e) ac flying capacitors type [18], [19], (f) ac full-bridge type[20], (g) ac half-bridge type [22] power decoupling circuit.

can involve an extra zero-sequence voltage injection derived
from the converter voltage reference without introducing higher
order harmonic distortions. To handle the model uncertainty and
thereby improve the steady-state performance, a novel closed-
loop control scheme of the ac power compensation is studied in
[25]. A direct instantaneous ripple power predictive control is
proposed in [26], which can be implemented into ac-type active
power decoupling circuit converters to achieve instantaneous
ripple power control, and to improve the dynamic performances.
However, as for all other single-phase ac—dc converters with
active power decoupling technique, with the auxiliary power
decoupling circuit added in the common full-bridge circuit,
extra power losses on the added switching devices, and passive
components will be introduced, which will reduce the system
power conversion efficiency inevitably.

Torelieve this shortcoming, this article proposes a new discon-
tinuous PWM (DPWM) strategy with minimum switching losses
for bidirectional single-phase ac—dc converters associated with
the ac-type half-bridge active power decoupling circuit shown in
Fig. 2(a). Herein, the proposed control algorithm is able to detect
the current measurements and the converter voltage references,
and it determines instantaneously the optimal clamped duration
on each phase. With such a characteristic, the proposed strategy
can realize the minimum switching losses action at any instant,
thus improving the power efficiency and density, which is supe-
rior to conditional DPWM methods available in the literature,
e.g., the ones used in symmetric three-phase three-wire applica-
tions [27]-[31]. Since the current and voltage measurements are
also necessary for other ac-type half-bride based active power
decoupling methods [21]-[26], the proposed DPWM strategy
will not increase any component cost of the system.

Itis noted that all of the aforementioned modulation strategies
in single-phase ac—dc converters with active power decoupling
circuits are using continuous PWM methods, e.g., SVPWM and
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Fig. 2. Studied topology circuit and its corresponding equivalent circuit,
(a) topology circuit, (b) equivalent circuit.

SPWM. To the best of the authors’ knowledge, so far there
is a lack of work in the literature, which applies any DPWM
method into the single-phase ac—dc converter with active power
decoupling circuit. Moreover, the reference voltages seen by
each bridge leg of the system are naturally unbalanced and
asymmetrical, and the peak value of the ac current is particularly
difficult to predict, which is mainly different from traditional
DPWM methods widely studied in balanced and symmetric
three-phase three-wire applications, such as motor drives and
grid-tied converters [27]-[31]. Note that the proof of function-
ality and adaptation of existing DPWM techniques to the studied
circuit depicted in Fig. 2(a) is also a contribution of this article.

The rest of this article is divided as follows. In Section II, the
analytical model and a general control method for the ac-type
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single-phase active power decoupling converter are developed to
achieve different power factor and ripple power compensation.
In Section III, the detailed implementation of the proposed
DPWM strategy is illustrated. In Section IV, characteristics in
terms of switching losses and current distortion are investigated
mathematically and compared with the SVPWM method pro-
posed in [22] and the known DPWM methods proposed for
three-phase three-wire balanced systems [27]. In Section V,
the key parameters of storage capacitance and controllers are
designed. Finally, in Section VI, the proposed PWM strategy is
evaluated and benchmarked against different PWM methods in
both simulation and a 2 kVA, 400 V, bidirectional single-phase
ac—dc converter with active power decoupling circuit operating
as inverter, rectifier, and STATCOM.

II. POWER ANALYSIS AND CONTROL STRATEGY

The full-bridge based single-phase ac—dc voltage source con-
verter with ac-type half-bridge decoupling circuit discussed in
this article is given in Fig. 2(a). Herein, u,. and 7, are the grid
voltage and current, respectively; u¢ and i¢ are the voltage and
current for the decoupling storage capacitor, respectively; Uq.
is the dc voltage; L, is the grid side filter inductor; and Ct
and Ly are the internal storage capacitor and filter inductor for
the active power decoupling circuit, respectively. The topology
shown in Fig. 2(a) can be regarded as a three-phase unbalanced
system. The equivalent circuit for Fig. 2(a) with three-phase legs
voltages (u,, uy, and u.) and three-phase current (¢, 1, and i.)
is given in Fig. 2(b).

A. Power Analysis

The grid voltage u,. and current i,, with the angular fre-
quency w are expressed as follows:

Une = Upc sin(wt) (1
tac = Tac sin(wt + @) (2)

and the voltage and current of the storage capacitor in the
decoupling circuit are

us = Uf sin(wt + 9) (3)
if = It cos(wt + 0) = wCiUs cos(wt + 0) 4)

where U,. and I, are the peak value of the grid voltage and
current, respectively, while Us and I are the peak value of the
storage capacitor voltage and current, respectively. ¢ is the phase
angle between u,. and i,., and 6 is the phase angle between u,
and ug.

Thereafter, the instantaneous power coming into the converter
can be expressed as

diac . 1
Pab = uaciac - Lacﬁlac — §Uac-[ac COS((P) + P2w (5)
where po, is the power ripple component
1 . s
Doy = — anCIaC sin (2wt + ¢ — 5)
1 5 .
— §WLacIac sin(2wt 4 2¢). (6)
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(b) AC Power Compensation

Fig. 3. Basic control structure of the system with (a) power factor control, and
(b) ac power compensation.

Similarly, the instantaneous power of the power decoupling
circuit is

) dig .
Deb = Ugls + Lfalf

1 1 .
= 5W?CfQUfQ (wC’f - wa> sin(2wt +20).  (7)

B. Control Structure

The basic control structure is designed to realize two control
functions [22], as given in Fig. 3. The first function aims to
control the averaged dc-link voltage and to achieve different
power factor at the ac port, while the second control function
is dedicated to ac power compensation, which aims to absorb
the 2w power ripple on the dc-side and to minimizes the dc-link
voltage ripple.

By tight regulation shown in Fig. 3, the power stored in the
power decoupling circuit p.p, should be controlled to be equal
to the ripple power coming into the converter po,,. The ripple
power po,, can be further derived as

1
Dow = gUaCIac[sin@wt) cos(p — %) — cos(2wt) sin(p — 7]

1
— iwLaCI(fc [sin(2wt) cos(2¢) — cos(2wt) sin(2¢)]

1
= §[Uaclac sin(p) — wlacI2. cos(2¢)] sin(2wt)

1
~3 [Uaclac cos(p) + o.)LaCIaQC sin(2¢p)] cos(2wt)

1 .
= ilgab_Zw Sln(QWt + Qpab_Qw) (8)

where

Pat 20 = \/ (UscIac)? + (WLacI2.)2 + 2w Lo Uac I3, sin
©)
~Upelac €08 p — wh, 12 sin(2¢)

(ab_2w = arctan (10)

Unclacsin g — wLy T2, cos(2p)

Therefore, based on (7)—(10), the magnitude and phase angle
of the reference voltage of the storage capacitor [u; = Uy
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sin(wt + 6*)] should be

P ab_2w

N L5 R 1

Ur wCr — w3C’f2Lf an

0 = 1 (12)
- 299ab_2w-

III. DESCRIPTION OF THE PROPOSED METHOD

After obtaining the converter line-to-line reference voltages
u?, from the power factor control in Fig. 3(a) and u, from
ac power compensation in Fig. 3(b), the converter reference
voltages (u},, uy,, and u;) can be decided by

x __ o - 2ug,mug,

Uy = Uy + U, = —5

x _ .+ - TMan—Yep

up = up +uy = e 13)
e - TUapteUg

U’C_uc +U’C_ a3 .

where u} and u, (x € {a,b,c}) are the positive and negative
components of each converter reference voltage. Due to the fact
the system studied in this article is equivalent to a three-phase
three-wire voltage source circuit, i.e., without a low impedance
path for the zero-sequence components, the relation of u}, +
uy, +ug = 01in (13) is still valid.

Different from the traditional DPWM methods in [27], the
proposed PWM modulator depends not only on the converter
reference voltages, but also on the measured phase currents (¢,
ih, and 7.) passing through the converter (see Fig. 2)

ia = Z‘ac
e = —it (14)
b = —lac + if.

The converter reference voltages and measured currents work
together to decide the placement of the clamped region, where
the bridge-leg stop switching. The zero-sequence signal of the
modulation waveform of the proposed method can be deter-
mined by

wp = sign(u}) - Use/2 —u} i€ {abel (15

where v is the selected phase reference voltage to be clamped.
The selection principle of u; is performed at each control period,
which is illustrated in Fig. 4. If the magnitude of the phase
reference voltage with maximum phase current magnitude (u;,)
is not lower than the other two phases, this reference voltage
is selected as u;. Otherwise, one of the other phase reference
voltages with larger current magnitude is used.

Finally, the modulation waveforms u}*, u;*, and u;" of the

proposed PWM method are obtained to compare with the mod-
ulating triangular carriers

*%

uy =u, +ug  x € {a,b,cl. (16)

Fig. 5 shows the simplified illustration of the proposed PWM
method in the active power decoupling converter operating
with different ¢ in rectifier and inverter mode, which assumes
Uap = Ue, = 1.6 Uy /2 and I, = I. If only the voltage refer-
ences are used to choose the clamping region [27], i.e., without
the information of the converter current, the obtained DPWM
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Read the reference voltages u}, and u},
and get the measured currents i,. and .

A

| Calculate u}, uy, ul, and i, i, i\ |

!
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A
C ug = sign(u}) - Uge/2 — u} )

Fig. 4. Flowchart of the proposed PWM strategy to decide the zero-sequence
signal ug of the modulation waveform.

can not achieve the performance of minimum switching losses,
because the clamped switches are not always matched with the
phase-leg with the maximum current [29], [31]. By using only
the measured currents [29], the minimum magnitude of the phase
reference voltage with maximum phase current magnitude can
be selected, which will cause the problem of overmodulation
in other phase and influence the waveform quality. It is indi-
cated that not only the reference voltages, but also the mea-
sured converter currents are important to determine the optimal
clamped intervals. As depicted in the gray area illustrated in
Fig. 5, although |i,| < |i.|, phase a is chosen to be clamped
because |uf| = min{|u}|, |uj], |wf|} and |ia| > |ip|. Therefore,
the clamped interval of the proposed method for each phase is
always around the highest value of the converter current whose
corresponding reference voltage is allowed to be clamped. This
will lead to an optimal reduction of the switching losses.

IV. PERFORMANCE COMPARISON

The analytical models of the modulator performance in terms
of switching losses and current distortion for the proposed PWM
method, SVPWM and other DPWM methods are discussed in
this section. Traditional DPWM methods, e.g., DPWMMAX,
DPWMMIN, DPWMI, and DPWM3 [27], which are easily
implemented into the single-phase converter with active power
decoupling circuit without introducing extra computation on the
reference voltages phase shifting, are selected to compare with
SVPWM and the proposed PWM method. The reference signal
with the maximum value defines the clamped phase reference
voltage u; for DPWMMAX, while that with minimum value
defines the u; for DPWMMIN. The reference signal with the
maximum magnitude defines the «; for DPWMI1, and that with
the intermediate magnitude defines the u; for DPWM3 [27]. To
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Fig. 5.
Uab = Ucb =16 Udc/z and Iac = If.

simplify the theoretical analysis, the voltage and power losses
on the filter inductors L,. and Ly are neglected. Thus, according
t0 Paw = Peb, the relation of § = %(go — %) is satisfied. Only the
condition 0 < ¢ < 180° is presented, which is within the range
of that the active power decoupling circuit can work effectively
[22] and includes most of the operating cases in practice.

A. Switching Losses

For the theoretical calculation of the switching losses, assume
that U,. = Ut and I,. = Iy = I, and the converter phase cur-
rents (2., %h, and i.) can be expressed as

in = I sin(wt + )
ic = — I, cos(wt + 0)
ip = — I sin(wt + ) + I, cos(wt + 0)

= 21, sin(%) sin(wt + 22).

a7

After that, the average switching power loss for the device in
phase z (z € {a, b, c}) over a fundamental period can be defined
as

Udc 2

27TUb fsEon,off,rr 0

where E,,, ofr . represents a lumped switching losses per com-
mutation for a specified dc voltage and output current; Uy,
is the data-sheet reference voltage; fs represents the constant
switching frequency of the devices; and f, (wt) equals zero in the
intervals where no switching occurs and equals to the absolute
value of the corresponding phase current |i,,(wt)| otherwise.

Normalizing the total switching losses Py, to Py, the switch-
ing loss function (SLF) of different modulators for the equivalent
three-phase unbalanced system studied in this article can be
found

Py o = fu(wt) dwt (18)

o 4Uchm
o 7TUb

SLF — Psw _ Psw_a"‘Psw_b"'Psw_c.
P Py

Fig. 6 shows the ¢ and 6 dependent switching current wave-

form (fa, fu, and f.) of the proposed PWM method. Applying

(18) to (20), the SLF of the SVPWM and the proposed PWM

PO fsEon,off,rr (19)

(20)

450 wt(®) 0 90 180 270
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Simplified illustration of the proposed PWM method at (a) rectifier mode ¢ = 0°, (b) rectifier mode ¢ = 30°, and (c) inverter mode ¢ = 150° assuming
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Fig. 6. Diagram of the switching model of the proposed method at o = 45°.

method can be derived as

l-sin(2-Z%) 0<p<Z
SLFsy = 178 2 21
v {1+sin(§i—g) I<p<n D
(D) e (s
-1 T _ ¢ 2 <p< I
SLF ro = 4COS 8 4 +4 =¥ 2 22
P Ysin (5 - 2) + beos (54 7) e
—icos(§-%)+1 F<e<n

The SLF for other DPWM methods can also be achieved via
(18) to (20). Due to the complexity of the expression, the calcu-
lations of other DPWM methods are carried out numerically and
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Switching loss function

Fig. 7. SLF of the proposed and various PWM methods. Note that a smaller
SLF leads to lower switching losses.

compared with that of SVPWM and the proposed PWM method.
The comparison of SLF for different PWM methods is shown
in Fig. 7. The application of DPWM methods can considerably
reduce the switching losses, i.e., the proposed PWM method
is able to reduce 50% of the losses found in the SVPWM. As
Fig. 7 indicates, the proposed method can achieve the minimum
switching losses action over the whole ¢ range, which will lead
to a simplified thermal management with low cost, improved
power conversion efficiency, and higher power density of the
converter.

B. Current Ripple

The winding and core losses of the filter inductor are de-
pending on the current ripple. Therefore, the rms value of the
output current ripple determined by the selected modulator gives
an indication about the magnetic losses. To demonstrate the
performance of the current ripple, the mathematical formulation
can be derived from the terminal pulse voltage and current
waveforms shown in Fig. 8. The time intervals ¢; — ¢4 can be
obtained from the PWM period Ts and modulation waveforms
uy’, uy', and ug”. For example, ¢1 and ¢ in Fig. 8(a) are

20 JUge + 1

t = fTs (23)
2 JUge + 1
to = ub/fd—i_j“s_ 24)

Then, the squared rms value of the current ripple of i,. and ¢

can be expressed as
1 27 1 Ts
— — A dr ) dwt (25
27 Jo <Ts/0 fac T) “ )

1 27 1 T,
AL s = 5 / (T / Az‘%dr) dwt  (26)
™Jo s Jo

where the deviations of Ai,. and Ai¢ are

1
T ac — Wa dt
Lac / (o = %)

) ) ) 1
Ay = if — if gvg = I / (uen — ur) dt.

AT? =

ac,rms

27

AlaC = lac — lac,avg —

(28)

For equivalence with the three-phase voltage source con-
verter one assumes that the modulation index is given by M =
Uac/(Uac/2) = Ut/ (Uqgc/2) (0 < M < 2). By normalizing the
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TABLE I
KEY SPECIFICATIONS OF THE SINGLE-PHASE CONVERTER

Variables Parameters Value
Uac Grid voltage 220 Vims
w Grid angular frequency 27 X 50rad/s
Lac Grid inductance 1.44 mH
Ly Storage filter inductance 0.72 mH
Uqe DC voltage 400V
Cqc DC-link capacitance 135 uF
fs Switching frequency 40kHz
S Total power 2kVA

squared rms value of the current ripple AIZ, . and AIZ  to
AIZ in (29), the M-p-dependent current ripple function (CRF)
can be calculated
T3US
2nL?
The CREF of the proposed method is calculated numerically
and plotted in Fig. 9. The CRF of the proposed method first
increases at low M range and then decreases at high M range.
The CRF characteristics of the proposed and other PWM at
M = 1.6 are compared in Fig. 10. It is evidently observed that
with the same switching frequency, except for the proposed
method, the difference of CRF performance for i,. and i¢ with
other DPWM methods is inconspicuous. The performance of
the proposed PWM is similar to the other DPWM methods,
and that of SVPWM is better than all studied DPWM methods.
However, as predicted in Fig. 7, the proposed PWM method is
able to reduce 50% of the switching losses in comparison to the
SVPWM, which means the switching frequency of the proposed
PWM strategy can be doubled under the same switching losses
as the SVPWM. As a result, the CRF of the proposed PWM
method can reduce four times, and becomes lower than that of
SVPWM, as seen in Fig. 10. Furthermore, in practice, with high
switching frequency, the difference between current harmonic
between SVPWM and DPWM methods will be very small and
the problem of switching losses will be prominent. Therefore,
although the performance of CRF is inferior to the SVPWM
under the same switching frequency, the proposed PWM method
is still promising if the converter is operating at a high switching
frequency, which will bring about a smaller size and cost of the
passive filter with the same current ripple value.

AT = (29)

V. KEY PARAMETERS DESIGN
A. Storage Capacitance Design

The main parameters of the bidirectional single-phase ac—
dc converter with active power decoupling circuit are shown in
Table 1. According to (11), the storage capacitance Ct can be
derived from

C - w — \/wQ — 4W3prab_2w/Uf2
b= 2w3Lf '
The minimum storage capacitance should be designed at the

maximum power point. For a given power, a larger U; leads to
a smaller capacitance. According to the full-bridge modulation,

(30)
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Fig. 8. Illustration of the switching sequence and current ripple of i, in a carrier cycle period. (a) SVPWM at p = 0°. (b) Proposed PWM at ¢ = 45°.
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the peak voltage on Ct can be Uy = Uy, = 400 V For the sake of
cost saving, 250 V., voltage class ac film capacitors are used,
and the maximum voltage of the storage capacitor is set to be
240 Vyms. Therefore, in the prototype the capacitance value of
the storage capacitor is designed to be 110 uF, which consists
of five 20 pF/250 Vs (B32756G2206, TDK Electronics) and
one 10 uF/250 Vs (B32754C2106, TDK Electronics) ac film
capacitors.

B. Controller Design

The full-bridge-based bidirectional single-phase ac—dc con-
verter with active power decoupling circuit and its corresponding

ferent ¢. (a) iac. (b) is.

control blocks implemented in this article are shown in Fig. 11,
which consist of two simplified models of the control loops.
The first one in Fig. 11(b) is the model for the ac side current
1ac controller and the second one in Fig. 11(c) is the model for
the storage capacitor voltage u¢ and current ¢ controllers for the
active power decoupling circuit. Since all tasks executed in the
digital signal processor (DSP), i.e., analog-digital conversion,
control loops computation, PWM value update, and communica-
tion with host computer, cannot be finished within one switching
period, i.e., 25 us (1/40k), the controlling frequency of the
system is set to be 20 kHz.

Kpwwnm =1 is the gain of the PWM converter. The quasi-
proportional-resonant (PR) controllers are adopted for all of the
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PR controllers in Fig. 11(b) and (c), whose transfer function is

2w,s
G =K, +K,— . 31
Pr(s) pt 52 4+ 2wes + w? 1)
The delay transfer function is approximated as
1 —e5Ta
Gela =— 32
delay (5) Ta (32)

where T; = 50 us is the control period. The open loop transfer
function for the ac current control loop is

1
Giac (S) = KPWMGdCIay(s)GiaC (S) . (33)
SLac
Taking K, ;,. =5, K, ;,. = 300,w, ;.. = 25, the bode plot is

shown in Fig. 12(a).
Similar with the ac current, the open loop transfer function of
the storage capacitor current controller is

1

L(s) = K clay (8)Gi () ———-
G ) = Kovin G616 0) =

(34
Choosing K, ;. = 4, K, ;; = 300,w. 4 = 25, the bode plot is
shown in Fig. 12(b).

Accordingly, the closed-loop transfer function of the storage
capacitor current controller is

Gif (8 )
Gif (S) +1
and the open-loop transfer function of the outer loop (storage
capacitor voltage control loop), as shown in Fig. 11(c) is

1
sCy
The parameters for PR controller are: K, ,, = 0.15, K., =
5,We,u; = 25, and the bode plot is shown in Fig. 12(c).

As shown in Fig. 12, with the proper selection of K, K., and
we, all of the control loops have the acceptable phase margin and

H;,(s) = (35)

G (s) = Gu () Hig(s) (36)

Overall control block diagram of the bidirectional ac—dc converter. (a) Control block diagram. (b) Simplified model for grid current controller.
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Fig. 12.  Bode plot of different control loops. (a) AC current loop. (b) Storage

capacitor current loop. (c) Storage capacitor voltage loop.

gain margin to be able to keep the system stable and to track the
voltage and current references.

VI. SIMULATION AND EXPERIMENTAL RESULTS

To validate the effectiveness of the proposed PWM method,
simulations and experimental tests are conducted and compared
with different PWM methods. First, a PLECS-based simulation
is carried out. After that, the proposed PWM method is oper-
ated on a digital-control hardware platform with digital signal
processor (DSP) from Texas Instruments, TMS320F28379. In
both simulation and experiment, SiC MOSFETs from CREE
C3MO0120090J [32] are used. Since DPWMMAX and DPWM-
MIN methods have the same performance in terms of switching
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Simulation waveforms of dc side current i4., ac voltage u,c, storage capacitor voltage ug, three phase currents i, 1, ., and three phase modulation

signals u’*, _ with ¢ increase from 0° att = 0.2s to 180° at ¢t = 0.7 s, when using the proposed PWM method.

losses and current distortion, only DPWMMIN is studied in this
section.

A. Simulation Results

Fig. 13 shows the simulation waveforms of the dc side current
1de, ac voltage wu,c, Storage capacitor voltage u¢, three phase
currents 7, 1, ¢, and three phase modulation signals “:b7c with
@ increase from 0° at ¢ = 0.2 s to 180° att = 0.7 s, when using
the proposed PWM method. To keep the power constant at S =
2 kVA,inFig. 13,a400 V output dc voltage source in series with
a small dc filter inductor (5 pH) is used and the rms value of the
grid current i, is controlled to be 9.09 A,5. As previously
discussed, the 2w ripple exists in the dc side current iq. of a
single-phase full-bridge ac—dc converter. With the enabling of
the active power decoupling circuit, the second-order component
of the 4. can be suppressed considerably. Correspondingly, the
clamping areas are determined by the calculation flow chart in
Fig. 4. It is evident that the device is clamped and adjusted at the
peak current with any different ¢ value when the converter is
running, including rectifier, STATCOM, and inverter operating
modes, which will reduce the switching losses at any operating
cases.

Fig. 14 compares the simulation results of the i,. and ¢
with various PWM methods at ¢ = 0°, S = 2kVA. Since the
inductance of L¢ is smaller than that of L., the current ripple on
i¢ 1s higher than the ripple on 7,.. By visual inspection one can
observe that the current ripple of the SVPWM is the lowest, and
that the different DPWM methods do not have remarkable dif-
ferences. To obtain a better insight, while keeping S = 2kVA,
the current total harmonic distortion (THD) for various PWM

DPWMMIN
DPWM3

DPWMMIN
DPWM3

lac (10 A/div)
it (10 A/div)

Proposed
SVPWM

Proposed
SVPWM

t (5ms/div)
(b)

t (5ms/div)
(a)

Fig. 14. Simulation comparison among various PWM method at ¢ = 0°,
S =2kVA. () iac. (b) if.

methods with different ¢ are compared in Fig. 15(a) and (b),
where the capacitance of Cf is implemented with the optimized
value of 110 uF to attain a lower volume of the capacitors
as designed in Section V-A. As shown in Fig. 15(a) and (b),
DPWMI has the highest current THD value among all DPWM
methods, while DPWM3 is relatively less than the other DPWM
methods, which comes to the similar result as normal DPWM
methods in a three-phase three-wire balanced system [27]. The
current THD of the proposed PWM is close to that of DPWM3
when ¢ is close to 90°. In order to verify the correctness of the
CRF model in Section IV-B, the capacitance of C; is changed to
be 131.6 uF, where Uy = U, and the assumptions in Section [V
will be realized. In this case, the current THD comparisons for
tac and ¢¢ are presented in Fig. 15(c) and (d), which match well
with the theoretical model in Fig. 10. Therefore, the effectiveness
of the CRF model in Section I'V-B is proved.

Fig. 16 shows the total switching losses comparison among
different PWM methods with two capacitance configurations.
The data-sheet value of E,, and E,g are used and built into
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Fig. 15. Current THD comparison. (a) i, with C¢ = 110 uF. (b) i¢ with
Ct = 110 uF. (¢) iac with Cf = 131.6 uF. (d) i¢ with Cf = 131.6 uF.

SVPWM

DPWM3

DPWMMIN

Total switching losses (W)
Total switching losses (W)

0 30° 60 90 120° 150° 1807 o 30° 60 90° 120° 150° 1807

(a) (b)
Fig. 16.  Total switching losses comparison, (a) with Ct = 110 uF, (b) with
Cy = 131.6 uF.

the thermal model of the SiC MOSFET in PLECS simulation. As
expected, the switching losses for all DPWM methods are lower
than that for SVPWM. In both cases, the switching losses for
the proposed PWM method is the lowest. DPWMI has relatively
high switching losses as ¢ is close to 90°, while DPWM3 has the
opposite trend. Since the change trend with ¢ of different PWM
methods in Fig. 16(b) matches the SLF model given in Fig. 7,
the correctness of the SLF model in Section I'V-A is verified as
well.

Fig. 17 shows the simulation results of the transient responses
with the proposed PWM method when the active power decou-
pling controller is enabled at t = 0.3 s and the power is stepped
up from 1 to 2 VA at £ = 0.38s. To show a clear effectiveness
of the active power decoupling control, resistive loads are used
on the dc side, and the capacitance value of Cy is 110 puF. Three
specific cases are selected in Fig. 17. The first one is the unity
power factor rectifier mode where o = 0°; the second one is the
rectifier mode where ¢ = 30°; the last one is the STATCOM
mode where ¢ = 90° with no dc resistive load. It can be seen
that in all cases, the proposed PWM method works well to
suppress the dc-link voltage ripple during the transient time,
and the corresponding modulation waveform can be adjusted
adaptively.

B. Experimental Results

A 2-kVA prototype based on the power electronic circuit
presented in Fig. 11(a) is built to further validate the feasibility
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Fig. 17. Simulation results of the transient responses with the proposed

DPWM method when enabling the active power decoupling control at¢ = 0.3 s
and power step-up at t = 0.38s. (a) ¢ = 0° unity power factor rectifier mode.
(b) ¢ = 30° rectifier mode. (c) ¢ = 90° STATCOM.

and superiority of the proposed PWM method. In experiments,
the bidirectional single-phase ac—dc converter is operated in
inverter, rectifier, and STATCOM modes working with different
PWM methods. The experimental setup and the detailed photos
for the constructed single-phase ac—dc converter are shown in
Fig. 18 with Ct = 110 uF. The average dc voltage in all experi-
mental cases is controlled at 400 V. All of the experimental wave-
forms are recorded by the oscilloscope YOKOGAYA DLM4058,
and the current THD and power conversion efficiency of the con-
verter are tested by the power analyzer YOKOGAYA WT500. To
realize the proposed method in practice, additional comparison
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Fig. 19. Experimental results showing the steady and transient states with the
proposed PWM method in inverter mode. (a) Enabling the decoupling control.
(b) Load step-up. Note that the zoom function of the oscilloscope is used to
show the details of the highlighted section of the experimental waveforms.

operations are needed in the DSP code. It is tested that the
execution time for the proposed method is 1.27 us, which is
merely 0.45 us longer than the implemented SVPWM in the DSP
TMS320F28779D. Therefore, the complexity of the proposed
method is acceptable.

Fig. 19 shows the experimental results for the steady and
transient states with the proposed PWM method in inverter
mode. In this case, a dc source with 400 V output and a 20 (2

Fig. 20. Experimental results showing the steady and transient states with
the proposed PWM method in STATCOM mode. (a) Enabling the decoupling
control. (b) Load step-up. Note that the zoom function of the oscilloscope is used
to show the details of the highlighted section of the experimental waveforms.

ac restive load on the ac side are used, where ¢ is set at 180°.
Due to the intrinsically large dc capacitor on the output of the
commercial dc source, the 2w ripple can be found in the dc side
current g, when the active power decoupling functionality is
disabled. Fig. 19(a) presents the experimental waveform before
and after the active power decoupling circuit is enabled to
work with 10 A,,s, and Fig. 19(b) presents the experimental
waveform when a step-up ac current command which sets a
reference change from 5 to 10 A5 is used. In both cases, the
ripple in ¢4, can be reduced, and the proposed PWM method
adapts well the changes of the output current when the converter
is operating in the inverter mode.

Fig. 20 shows the experimental results for the steady and
transient states with the proposed PWM method in STATCOM
mode. In this case, an ac voltage source with 220 Vs /50 Hz
is used and no load is connected to the dc-link, where ¢ is set to
be 90°. Since a low value of smoothing dc capacitance is used
on the dc side, the voltage ripple at the dc-link is particularly
high. This relatively high dc voltage ripple deteriorates the
performance of the current control loop and the ac side current
gets distorted. Fig. 20(a) presents the experimental waveform
before and after the active power decoupling circuit is enabled
to work with 5 A, and Fig. 20(b) presents the experimental
waveform during the ac current command, which changes the
current reference from 5 to 10 A,,,,5. In both cases, the ripple in
the dc voltage reduces remarkably and the ac current waveform
shape improves as well.
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Experimental results of the steady and transient states with the proposed PWM method in rectifier mode at different . (a) Enabling the decoupling

control at ¢ = 0°. (b) Load step-up at ¢ = 0°. (c) Enabling the decoupling control at ¢ = 30°. (d) Load step-up at ¢ = 30°. (e) Enabling the decoupling control
at o = 45°. (f) Load step-up at o = 45°. Note that the zoom function of the oscilloscope is used to show the details of the highlighted section of the experimental

waveforms.

Fig. 21 shows the experimental results for the steady and
transient states with the proposed PWM method in rectifier
mode. In this case, an ac voltage source with 220 V,,s /50 Hz is
used and a dc resistor bank is connected to the dc-link, where ¢
is setas 0°, 30°, and 45°, respectively. Similar as the STATCOM
mode, because of a low value of smoothing dc capacitance on
the dc side, when the power decoupling circuit is not enabled a
particularly high voltage ripple exists at the dc-link and a large
distortion is resulted at the ac side current. Fig. 21(a), (c), and (e)
presents the experimental waveform before and after the active
power decoupling circuit is enabled to work, where different
resistance is configured through the resistor bank to make the
converter to operate at S = 2kVA. With the enabling of the
active power decoupling circuit and the incorporated ac power
compensation components, the ripple in the dc voltage reduces
remarkably and the ac current waveform shape improves as
well. Fig. 21(b), (e), and (f) are the experimental waveforms

for a load step-up from S =1 to 2kVA. It can be seen that
the proposed PWM method works well to suppress the dc-link
voltage ripple effectively with different ¢ during the load step-up
transient time, and the corresponding modulation waveform can
also be adjusted rapidly. All of the experimental cases show
that the proposed PWM method can adapt the changes of the
set phase angle ¢ well, and the switching signal S, is clamped
along different intervals with different duration depending on
the currents, as illustrated in Fig. 5.

To compare with the proposed PWM method, different PWM
methods are studied in experiments as well. Experimental results
of the transient states during the enabling of the decoupling con-
trol with the other PWM methods in rectifier mode at ¢ = 0° are
shown in Fig. 22. The converter is working at S = 2kVA with
dc resistor bank. The dc voltage ripple can also be suppressed
in the experiment with the other studied PWM methods, while
effectively tracking the sinusoidal current reference. It can be
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Fig. 23.  Current THD comparison. (a) ¢ = 0° rectifier mode. (b) ¢ = 30°
rectifier mode. (c) ¢ = 180° inverter mode. (d) ¢ = 90° STATCOM mode.

seen that the clamped duration time of .S, for different DPWM
methods in Fig. 22 are shorter than that for the proposed PWM
method. Therefore, a reduced switching losses will be achieved
with the proposed method.

Fig. 23 shows the comparison of current THD between the
proposed PWM method and the other studied conventional
PWM methods. Since only the harmonics components below
50th order are considered in the power analyzer, the tested

Fig. 24. Power efficiency and power losses comparison. (a) ¢ = 0° rectifier
mode. (b) ¢ = 30° rectifier mode. (c) ¢ = 180° inverter mode. (d) ¢ = 90°
STATCOM mode.

current THD results are lower than the one obtained from the
PLECS simulation. It can be seen that with the implementation
of DPWM methods, the current THD will be increased for
all cases. At high power level, the current THD difference
between the DPWM methods and SVPWM is relatively small.
The current THD for various DPWM methods are close to each
other as expected in Fig. 15.



XU et al.: MINIMUM SWITCHING LOSSES DISCONTINUOUS PWM STRATEGY

Fig. 24 shows the power efficiency and power losses compar-
ison between the proposed PWM method and the other studied
PWM methods. In Fig. 24(d), for STATCOM mode, the output
active power is zero, thus, the measured input active power is
regarded as an estimation of the total losses in the converter,
including the losses from the switching devices and filter com-
ponents. As shown in Fig. 24, with DPWM methods, the power
efficiency of the converter can be improved remarkably, and
the highest power efficiency is obtained by the proposed PWM
method.

All in all, the presented experimental cases have shown that a
remarkable reduction on power losses with the proposed PWM
method is possible when implementing a bidirectional single-
phase converter with active power decoupling. This confirms the
superiority of the proposed modulation method when compared
to other traditional PWM strategies. Therefore, the validity and
advantages of the proposed PWM method are verified.

VII. CONCLUSION

This article has proposed a new DPWM method for a bidirec-
tional single-phase ac—dc converter associated with ac-type half-
bridge active power decoupling circuit. The proposed method is
based on the measurements of the converter’s ac currents and ref-
erence voltages. This modulator adaptively clamps the switching
device that conducts the largest current at any instant, which
leads to the optimum clamped duration to obtain a minimum
switching losses across the semiconductors, so that it could allow
enhancement of the system power density by improving power
conversion efficiency and, thus reducing the requirement and
cost of thermal management of the semiconductors. The math-
ematical models have been built and shown that the proposed
strategy not only has the minimum switching loss over other
suitable PWM methods within all power factor angle range, but
also can achieve improved current distortion performance under
the same switching losses. Both simulations and experimental
results have been used to verify the effectiveness of the proposed
modulation method, and to prove the correctness of the presented
theoretical analysis. The proposed method is proved to be able
to adapt the changes of the set phase angle and load step. It is
found that in the experiments, the highest power efficiency can
be obtained by the proposed PWM method in comparison with
other modulation methods, and the performance of the current
distortion of the proposed methods is similar to other DPWM
methods under the same switching frequency.

REFERENCES

[1] L. Zhang, K. Sun, L. Feng, H. Wu, and Y. Xing, “A family of neutral
point clamped full-bridge topologies for transformerless photovoltaic grid-
tied inverters,” IEEE Trans. Power Electron., vol. 28, no. 2, pp. 730-739,
Feb. 2013.

[2] J.R.Rodriguez,J. W.Dixon, J. R. Espinoza, J. Pontt, and P. Lezana, “PWM
regenerative rectifiers: State of the art,” IEEE Trans. Ind. Electron., vol. 52,
no. 1, pp. 5-22, Feb. 2005.

[3] T. Isobe, D. Shiojima, K. Kato, Y. R. R. Hernandez, and R. Shimada,
“Full-bridge reactive power compensator with minimized-equipped ca-
pacitor and its application to static var compensator,” IEEE Trans. Power
Electron., vol. 31, no. 1, pp. 224-234, Jan. 2016.

[4]

[5]

[6]

[7]

[8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

(17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

6131

Y. Tang, F. Blaabjerg, P. C. Loh, C. Jin, and P. Wang, “Decoupling of fluc-
tuating power in single-phase systems through a symmetrical half-bridge
circuit,” IEEE Trans. Power Electron., vol. 30, no. 4, pp. 1855-1865,
Apr. 2015.

Y. Sun, Y. Liu, M. Su, W. Xiong, and J. Yang, “Review of active power
decoupling topologies in single-phase systems,” IEEE Trans. Power Elec-
tron., vol. 31, no. 7, pp. 47784794, Jul. 2016.

W. Yao, Y. Xu, Y. Tang, P. C. Loh, X. Zhang, and F. Blaabjerg, “General-
ized power decoupling control for single-phase differential inverters with
nonlinear loads,” IEEE J. Emerg. Sel. Topics Power Electron., vol. 7,no. 2,
pp. 11371151, Jun. 2019.

Z. Qin, Y. Tang, P. C. Loh, and F. Blaabjerg, “Benchmark of ac and dc
active power decoupling circuits for second-order harmonic mitigation in
kilowatt-scale single-phase inverters,” IEEE J. Emerg. Sel. Topics Power
Electron., vol. 4, no. 1, pp. 15-25, Mar. 2016.

H. Wang, H. Wang, G. Zhu, and F. Blaabjerg, “An overview of capacitive
dc-links-topology derivation and scalability analysis,” IEEE Trans. Power
Electron., vol. 35, no. 2, pp. 1805-1829, Feb. 2020.

S.Li, W.Qi, S. Tan, and S. Y. Hui, “Enhanced automatic-power-decoupling
control method for single-phase ac-to-dc converters,” IEEE Trans. Power
Electron., vol. 33, no. 2, pp. 18161828, Feb. 2018.

D. Neumayr, D. Bortis, and J. W. Kolar, “The essence of the little box
challenge-part a: Key design challenges solutions,” CPSS Trans. Power
Electron. Appl., vol. 5, no. 2, pp. 158-179, 2020.

D. Neumayr, G. C. Knabben, E. Varescon, D. Bortis, and J. W. Kolar,
“Comparative evaluation of a full-and partial-power processing active
power buffer for ultra-compact single-phase dc/ac converter systems,”
IEEE J. Emerg. Sel. Topics Power Electron., early access, Apr. 14, 2020
doi: 10.1109/JESTPE.2020.298793710.

R. Wang et al., “A high power density single-phase PWM rectifier with
active ripple energy storage,” IEEE Trans. Power Electron., vol. 26, no. 5,
pp. 1430-1443, May 2011.

M. Jang, M. Ciobotaru, and V. G. Agelidis, ““A single-stage fuel cell energy
system based on a buck—boost inverter with a backup energy storage unit,”
IEEE Trans. Power Electron., vol. 27, no. 6, pp. 2825-2834, Jun. 2012.
X. Cao, Q. Zhong, and W. Ming, “Ripple eliminator to smooth dc-bus
voltage and reduce the total capacitance required,” IEEE Trans. Ind.
Electron., vol. 62, no. 4, pp. 2224-2235, Apr. 2015.

M. Qiu, P. Wang, H. Bi, and Z. Wang, “Active power decoupling design
of a single-phase ac—dc converter,” Electronics, vol. 8, no. 8, pp. 841-858,
2019.

W. Cai, B. Liu, S. Duan, and L. Jiang, “An active low-frequency rip-
ple control method based on the virtual capacitor concept for BIPV
systems,” IEEE Trans. Power Electron., vol. 29, no. 4, pp. 1733-1745,
Apr. 2014.

Y. Yang, X. Ruan, L. Zhang, J. He, and Z. Ye, “Feed-forward scheme
for an electrolytic capacitor-less ac/dc led driver to reduce output current
ripple,” IEEE Trans. Power Electron., vol. 29, no. 10, pp. 5508-5517,
Oct. 2014.

Y. Tang and F. Blaabjerg, “A component-minimized single-phase active
power decoupling circuit with reduced current stress to semiconductor
switches,” IEEE Trans. Power Electron., vol. 30, no. 6, pp. 2905-2910,
Jun. 2015.

Y. Tang, Z. Qin, F. Blaabjerg, and P. C. Loh, “A dual voltage control strategy
for single-phase PWM converters with power decoupling function,” JEEE
Trans. Power Electron., vol. 30, no. 12, pp. 7060-7071, Dec. 2015.

H. Zhang, X. Li, B. Ge, and R. S. Balog, “Capacitance, dc voltage
utilizaton, and current stress: Comparison of double-line frequency ripple
power decoupling for single-phase systems,” IEEE Ind. Electron. Mag.,
vol. 11, no. 3, pp. 3749, Sep. 2017.

H. Li, K. Zhang, H. Zhao, S. Fan, and J. Xiong, “Active power decou-
pling for high-power single-phase PWM rectifiers,” IEEE Trans. Power
Electron., vol. 28, no. 3, pp. 1308-1319, Mar. 2013.

R.Chen, Y. Liu, and F. Z. Peng, “Dc capacitor-less inverter for single-phase
power conversion with minimum voltage and current stress,” IEEE Trans.
Power Electron., vol. 30, no. 10, pp. 5499-5507, Oct. 2015.

S. Bhowmick and L. Umanand, “Design and analysis of the low device
stress active power decoupling for single-phase grid connection for a wide
range of power factor,” IEEE J. Emerg. Sel. Topics Power Electron., vol. 6,
no. 4, pp. 1921-1931, Dec. 2018.

H. Wu, S. Wong, C. K. Tse, and Q. Chen, “Control and modulation of
bidirectional single-phase AC-DC three-phase-leg SPWM converters with
active power decoupling and minimal storage capacitance,” IEEE Trans.
Power Electron., vol. 31, no. 6, pp. 4226-4240, Jun. 2016.


https://dx.doi.org/10.1109/JESTPE.2020.298793710

6132

[25] S. Bhowmick and L. Umanand, “A high-performance dynamic con-
troller for an active power decoupler with ac-side storage element,” IEEE
J. Emerg. Sel. Topics Power Electron., vol. 7, no. 3, pp. 2041-2056,
Sep. 2019.

[26] B.Ge, X. Li, H. Zhang, Y. Liu, R. S. Balog, H. Abu-Rub, and L. Alpuerto,

“Direct instantaneous ripple power predictive control for active ripple

decoupling of single-phase inverter,” IEEE Trans. Ind. Electron., vol. 65,

no. 4, pp. 3165-3175, Apr. 2018.

A. M. Hava, R. J. Kerkman, and T. A. Lipo, “A high-performance gen-

eralized discontinuous PWM algorithm,” IEEE Trans. Ind. Appl., vol. 34,

no. 5, pp. 1059-1071, Sep. 1998.

[28] J. Xu, J. Han, Y. Wang, M. Ali, and H. Tang, “High-frequency sic
three-phase vsis with common-mode voltage reduction and improved
performance using novel tri-state PWM method,” IEEE Trans. Power
Electron., vol. 34, no. 2, pp. 1809-1822, Feb. 2019.

[29] T. D. Nguyen, J. Hobraiche, N. Patin, G. Friedrich, and J. P. Vilain, “A

direct digital technique implementation of general discontinuous pulse

width modulation strategy,” IEEE Trans. Ind. Electron., vol. 58, no. 9,

pp. 4445-4454, Sep. 2011.

S. L. An, X. D. Sun, Q. Zhang, Y. R. Zhong, and B. Y. Ren, “Study on

the novel generalized discontinuous SVPWM strategies for three-phase

voltage source inverters,” IEEE Trans. Ind. Inf., vol. 9, no. 2, pp. 781-789,

May 2013.

[31] J. Xu, J. Han, Y. Wang, S. Habib, and H. Tang, “A novel scalar PWM
method to reduce leakage current in three-phase two-level transformer-
less grid-connected VSIs,” IEEE Trans. Ind. Electron., vol. 67, no. 5,
pp. 3788-3797, May 2020.

[32] Datasheet of C3M0120090J, CREE Power Applications, Durham, NC,
USA, Jan. 2018. [Online]. Available: https://www.wolfspeed.com/media/
downloads/834/C3M0120090J.pdf

[27]

[30]

Junzhong Xu (Student Member, IEEE) was born in
Ningbo, China, in 1994. He received the B.S. degree
in electrical engineering from the Harbin Institute of
Technology, Harbin, China, in 2016. He is currently
working toward the Ph.D. degree in electrical engi-
neering with the Department of Electrical Engineer-
ing, Shanghai Jiao Tong University, Shanghai, China.

Since 2020, he has been a Visiting Scholar with
the DC Systems, Energy Conversion and Storage
Group, Delft University of Technology, Delft, The
Netherlands. His research interests include advanced
control and modulation for power converters.

Thiago Batista Soeiro (Senior Member, IEEE) re-
ceived the B.S. (hons.) and M.S. degrees in electrical
engineering from the Federal University of Santa
Catarina, Florianopolis, Brazil, in 2004 and 2007,
respectively, and the Ph.D. degree from the Swiss
Federal Institute of Technology, Zurich, Switzerland,
in 2012.

During the master’s and Ph.D. studies, he was
a Visiting Scholar with the Power Electronics
and Energy Research Group, Concordia University,
Montreal, QC, Canada, and with the Center for Power
Electronics Systems, Blacksburg, VA, USA, respectively. From 2012 to 2013, he
was a Senior Engineer with the Power Electronics Institute, Federal University of
Santa Catarina. From 2013 to 2018, he was a Senior Scientist with the Corporate
Research Center, ABB Switzerland Ltd. Since 2018, he has been an Assistant
Professor with the DC Systems, Energy Conversion, and Storage Group, Delft
University of Technology, Delft, The Netherlands. His research interests include
advanced high power converters and dc system integration.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 5, MAY 2021

Fei Gao (Member, IEEE) received the Ph.D. degree
in electrical engineering from the Power Electronics,
Machines, and Control Research Group, University
of Nottingham, Nottingham, U.K., in 2016.

From March 2010 to September 2012, he was with
Jiangsu Electric Power Research Institute, Nanjing,
State Grid Corporation of China. From 2016 to 2019,
he was with the Department of Engineering Science,
University of Oxford, U.K., as a Postdoctoral Re-
searcher. Since July 2019, he has been with the Shang-
hai Jiao Tong University, as an Associate Professor.
His current research interests include modeling, control, power management and
stability of microgrids, and more electric transportation systems.

Dr. Gao was the recipient of the European Union Clean Sky Best Ph.D. Award
in 2017 and IET Control and Automation Runner-Up Ph.D. Award in 2018.

Houjun Tang received the Ph.D degree in automation
from Yamagata University, Yamagata, Japan, in 1997.

He is currently a Full Professor with the Depart-
ment of Electrical Engineering, Shanghai Jiao Tong
university, Shanghai, China. His research interests in-
clude wireless power transform, motor drive inverters,
and power converters.

Pavol Bauer (Senior Member, IEEE) received the
master’s degree in electrical engineering from the
Technical University of Kosice, Kosice, Slovakia, in
1985, and the Ph.D. degree from the Delft University
of Technology, Delft, The Netherlands, in 1995.

He is currently a Full Professor with the Depart-
ment of Electrical Sustainable Energy, Delft Univer-
sity of Technology and the Head of DC Systems,
Energy Conversion, and Storage Group. He received
Professor title from the President of Czech Republic
from the Brno University of Technology in 2008 and
the Delft University of Technology in 2016. He has authored and coauthored
more than 72 journal and almost 300 conference papers in various field and
eight books. He also holds 4 international patents and has organized several
tutorials at the international conferences. He has worked on many projects for
industry concerning wind and wave energy, power electronic applications for
power systems such as Smarttrafo; HVdc systems, projects for smart cities such
as PV charging of electric vehicles, PV and storage integration, contactless
charging; and he participated in several Leonardo da Vinci and H2020 EU
projects as Project Partner (ELINA, INETELE, E-Pragmatic) and Co-ordinator
(PEMCWebLab.com-Edipe, SustEner, Eranet DCMICRO).


https://www.wolfspeed.com/media/downloads/834/C3M0120090J.pdf


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


