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Active Bridge Rectifier With DM EMI Reduction
Based on Linear Reverse Operation of MOSFET's

Ke-Wei Wang

Abstract—A new linear control scheme for operating power
MOSFETs in the third quadrant (i.e., synchronous rectifier (SR)
operation) is proposed and applied to electromagnetic interference
(EMI) mitigation of switching converters. MOSFETSs operating in
the third quadrant exhibit electrical characteristics equivalent to a
voltage-controlled voltage source between the gate-source and the
drain-source voltages. Such operation is an alternative to typical
SR mode, allowing fast control of the ac drain-source voltage. It
is applied to active bridge rectifiers (ABRs) that can produce the
necessary high-frequency voltage compensation signal to reduce
differential-mode EMI. The ABR can then play the role of ac line
rectification and EMI reduction at the same time. Its characteristics
are modeled, and experimental verifications are carried out on a
boost-type power factor corrector (PFC). The EMI performance of
the PFC is improved with the proposed technique. The proposed
technique facilitates the reduction of passive filter size and gives
the potential of integrating active filtering function into the ABR
as a solid-state front-end module. The idea can, thus, help increase
the power density of power converters.

Index Terms—A ctive filters, electromagnetic interference, power
MOSFET, rectifiers.

1. INTRODUCTION

N THE power electronic industry, diode bridge rectifier is an
I essential part of ac—dc converters. One persistent drawback
of silicon power diode is the high dropout voltage, around 1V,
resulting in significant conduction loss. Active bridge rectifier
(ABR) is proposed in [1] by replacing rectifier diodes with MOS-
FETs and reproducing the line-frequency commutation operation
with a very low dropout voltage. The idea is extended from
the widespread usage of power MOSFET which substitutes the
freewheeling diode, taking advantage of the low ON resistance
of MOSFETs [2], [3]. The MOSFETs in freewheeling applications
are controlled in synchronous with the main switch and are, thus,
referred to as synchronous rectifier (SR). The MOSFETs for the
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ac line rectification are controlled to synchronize with the line
voltage polarity instead. ABR can achieve significantly lower
conduction loss than a diode bridge.

Power line filter is another critical part of switching convert-
ers. It is used to suppress electromagnetic interference (EMI)
from entering the power grid. The EMI is generated by the
switching converters due to fast and repetitive switching ac-
tions. A typical power line filter is made up of a multistage
passive LC circuit. One of the major concerns of passive EMI
filters is their bulkiness [4], [5]. The active EMI filter concept
is first introduced in [6]. The basic classification and imple-
mentation of active filters are introduced in [7] and [8]. Later,
they become the classic references for subsequent work. For
active differential-mode (DM) EMlI/ripple filters, Farkas and
Schlecht [9] first show the feasibility of applying active EMI
filtering in utility grid applications. Hamill [10] and Chow and
Perreault [11] employ an inductor-enhancing topology and a
capacitor-enhancing topology [7], [8], respectively, with output
feedback and input feedforward control scheme. Zhu et al. [12]
and Chen et al. [13] utilize capacitor-enhancing topologies with
a feedforward control and a feedback control, respectively, to
achieve DM or CM noise suppression. Chen et al. [14] propose
a more precise classification by comparing the insertion loss of
various topologies. Recently, Xu and Lee [15] have employed
an inductor-enhancing type active circuit for both CM and DM
noise suppression. Goswami and Wang [16] have utilized a
capacitor-enhancing topology for DM noise suppression with
comprehensive modeling and stability analysis. In those works,
active circuits are utilized to inject noise compensating signal to
the power circuit. All active EMI filters are dominant of hybrid
type, composing of both solid-state devices for filtering function
and passive elements for filtering, sensing, and output coupling.
To further reduce the physical size of passive elements and
facilitate integration of filter into a solid-state power conversion
system, MOSFET is employed as the input filtering device in
[17]-[20]. In these works, the MOSFET (or any power transistor)
is a series-pass, linear operated device, which regulates the total
input current of the converter through feedback control, as shown
in Fig. 1(a). The technique is extended to ac—dc converters [21],
[22], as shown in Fig. 1(b) to serve more general applications.
The main challenge of those transistor-based filters is to reduce
the power loss due to the dropout voltage such as a linear
regulator. Especially, as discussed in the beginning, the input
diode bridge rectifier adds even more conduction loss.
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(2) (b) (©)

Fig. 1. Configurations of transistor-based filters. (a) In dc—dc converter.
(b) In ac—dc converter, named power semiconductor filter. (c) In an ABR using
SR FETs. High-side diodes are kept [1] or may also be replaced by SR FETs.

To reduce the dropout loss, an attempt of merging the filter-
ing device into the rectifier is proposed in this article. While
the MOSFETs are used to replace diodes and facilitate active
filtering function, the rectification function is also preserved.
The arrangement is using an ABR [1] as illustrated in Fig. 1(c).
One immediate concern is during SR conduction, it is supposed
to be like “ideal diode” without filtering function. In prior-art
[23] and [24], inventors have proposed techniques in varying
the channel resistance of the secondary-side SR FETs slowly
to achieve output voltage regulation. It is proved in this work
with experiments that in reverse conduction region (the third
quadrant), fast linear active control can be performed on the
MOSFETs under investigation. Critical assessments have been
carried out and have shown that MOSFETs can act as a linear
voltage-controlled voltage source (VCVS) with limited output
swing. The property is utilized to achieve active EMI mitigation
function of a bridge rectifier with an analog controller. By
integrating the active filtering device into the bridge rectifier,
the hybrid filter design can be made more compact. The loss in
configuration Fig. 1(b) is, thus, reduced by reducing component
count and lower rectifier dropout voltage than diodes.

A small-signal model of the hybrid filter circuit is built and
proceeded with the stability analysis. A controller design pro-
cedure is provided. The proposed ABR prototype is tested on a
power factor corrector (PFC).

II. PROPOSED ACTIVE RECTIFIER

The proposed hybrid filtering technique is illustrated in Fig. 2.
Semi-full bridge structure is used, as in Fig. 1(c). A small
series inductor Ly, which is used as a sensing element [17],
is connected between the ABR and the input capacitor Cyj. A
controller with a fast response is assigned to amplify the inductor
voltage feedback vy, which derives the driving signal vgs shown
at the right-hand side of Fig. 2. Due to the VCVS property,
which is presented in the next section, vpg is proportional to
vas and gives an amplified v, waveform that compensates for
the ripple voltage on Cj,, caused by the input current ripple ip
of the switching converter. With adequately high controller gain,
Ups =~ U¢ can be achieved so that the ripple at the input port
Ui vanishes. The input DM noise is, thus, suppressed. The ABR
is an inductor-enhancing active filtering device, as depicted in
[71, that can overperform the passive inductor L significantly.
The 7 p is forced to circulate between the converter and Cly,.
The ripple size of vpg or v¢ is 0.4 Vp-p in the experimental
prototype. On the contrary, typical diode bridges are transparent
to high frequency ripple. The waveforms over a line cycle are

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 3, MARCH 2021

ABR
+ Dlt DZiS >>[ lp
o ™ + .
Vi % VoL Switching
> + [é €T Can Converter
- QJﬂ Vo Ly T
.
S - VL +
2
everse P e P
~ /\/\m
(Ql block o
vos W rrrrr : |8
(Qz), . Vo A g ~
; ! ‘ L 17
lp VoS N o N o
iP---’ /\/\/\
T, ! S R 7
GRID Tsw
Fig.2. Key structure and waveforms illustrating the proposed active rectifier,

during conduction phase of D1 and Q2.

shown on the left-hand side of Fig. 2. The ABR commutates
like a typical diode bridge. The gate signals to the MOSFETS
switch between reverse-blocking and reverse-conduction modes
at the line frequency. It should be noted that the proposed reverse
conduction is not “standard” SR conduction (i.e., driving the SR
deep into the ohmic region). Instead, the voltage across the SR
is actively controlled by the vgs.

III. LINEAR REVERSE CONDUCTION OPERATION

The basis of this article is the linear VCVS property of a
MOSFET operating in the reverse conduction region. This section
starts by showing the VCVS property. An ac model is formulated
and verified experimentally.

An n-channel MOSFET in reverse operation conducts current
from its source to drain. Consider two phases during the con-
ducting state of a standard SR: 1) with zero Vg, the MOSFET
exhibits its body diode property, the dropout voltage |Vpg| is
virtually constant around —0.7 V; 2) with Vg pulled up to the
maximum of the driver, Vpg approaches zero. The two extreme
cases indicate that there can be intermediate Vpg value tunable
by Vg within —1 to 0 V range. A static VI characteristic graph
in Fig. 3 shows such intermediate traces in the third quadrant
operation, such as that in [2]. It is measured from a sample of
the MOSFET IPP60R060P7. With higher Vs, Vps values tend
to be higher (less negative); there exists a positive correlation.
By rearranging the curve-tracing data into Fig. 4, there shows
a linear portion at the middle of the Vps—Visg traces for each
current bias. Vg saturates on the two ends. The linear portion
is recognized as the VCVS region to implement the proposed
active control. It can be represented by the expressions

AVps|arps—0 = AmoAVas (1)

or

0Vps

= Amo 2
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Fig. 3.  MOSFET third quadrant dc V-I characteristics.
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Fig. 4. Measured Vpg-Vz g relationship of IPP6OR0O60P7 with. The slope in

VCVS region stays unchanged with Ipg at —1, —2, and —4 A.

where A ;¢ is defined as the dc voltage gain of the MOSFET. The
value is around 0.2. The assumption Alpg = 0 is to match the
ideal filtering outcome wherein the ac ripple is eliminated. A
second observation in Fig. 3 is that the slope of the V-I curves is
nearly constant within the VCVS region. The slope of a single
trace is expressed as

= Rspo 3)
s

which is referred to the Thevenin equivalent drain-source resis-
tance of the MOSFET. The value of Rgpg is close to the claimed
Rps(on) of the MOSFET.

It is attempted to prove (2) theoretically according to [2],
which is based on Meyer’s model. In [2], an n- MOSFET in
third quadrant with strong inversion near the drain area but no
inversion near the source is referred as in “reverse saturation”
mode, which has a current expression in [2] and [25] as

Ips = Kexp (¢Vas/mkT) [1 — exp (—qV'a./nkT))
+8{=27 2165l + V)" = 21yl + V')

+ [Vas = V'ap — Ves — 2|ép| — (Vg = V'ay)]
“(V'a—=V'ar)} 4
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where the potential of the conceptual pinch-off point between
the inversion and noninversion sides is defined as [2]

Vie=Vas — Vip —2|¢p| + 37° — '7\/VGS — Vrp + 172

(%)
which is higher in potential than V but lower than 0. V is
the channel-determined drain-source potential, with the total
resistive dropout excluded. That is

Vy=Vps — IpsRspo. (6)

K, B8, m,n, v, Vrp, and |¢,| are structural and material
constants. The exponential term in (4) is neglected due to its
insignificant absolute value. To find (2), perform partial differen-
tiation of (4) and (6) with respect to V5 s. This partial derivative
in (2) is defined with constant Ipg, therefore 0Ipg = 0. By
deformation and substitution of (5), it yields

OVps oV'y 1

T Was  OVas

Ano

T .
Ry Sy vy
(N
To further simplify the equation, approximation techniques
are applied. V; , is neglected because typically [V’ q,¢| < 2[¢p|.
Apply Taylor series to linearize the remaining equation at point
Vi=a«

8VDS !
~ MV, —aM
8VGS Vd «
~1
_’V<7+ \/2¢p|+\/2|¢p|+a> +1 Q)
where
M= 1 ©)

N
2V216, + a7+ V2181 + V210 + )

Considering that body diode voltage is ~0.7 V, the biasing
point of V should be around —0.35 V (=—0.7 V/2) in proper
linear reverse operation. Then oo = —0.35V is set for a good
approximation. The body effect factor v is determined by silicon
permittivity €g;, doping concentration N,, oxide permittivity
€ox, and thickness d,x. However, those parameters are seldom
included in datasheet. Alternatively, v can be estimated by its
relationship with a threshold voltage

Vra = Vi + 2 [¢p| +71/2 0]

where Vg is the flat-band voltage whose value is around —0.6 V
[2]. The value of |¢,|, i.e., the potential difference between
doped Fermi level and intrinsic Fermi level, is assumed to be
0.4V [2].

The IPP60R060P7 is taken as an example for validation. From
the datasheet, Viry is typically 3.5 V, then by (10), v is 3.69.
Using (9), M is evaluated as 0.099 V-, which indicates that
Ao value is almost constant as V), varies. Using (8), with V) =
—0.35V, Ay is found to be about 0.3 V. V; of —0.2 and —0.6 V
yields Apso of 0.31 and 0.27, respectively. This is considered a
close result to the measured value of 0.21 noting that the physical
model employed is highly simplified and many parameters are
estimated.

(10)
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Fig.5. (a) AC model of the MOSFET in linear reverse operation. (b) Equiva-
lent and simplified version of (a).
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Fig. 6. AC characterization of MOSFETs in linear reverse operation.
(a) Apr,open (f) plot. (b) Measurement configuration.

An ac small-signal circuit model is proposed as shown in
Fig. 5(a), based on the well-known hybrid-pi model, but a
Thevenin equivalent version. The dependent source with gain
Appo corresponds to the V) in  (4)~(7). The small Thevenin
resistor is g po in (3). There are four parasitic elements R,
Cys, Cyq, and Cys. The model is converted into Fig. 5(b) as a
first-order approximation. The reverse transfer capacitor Cyq
is lumped to the input side with value (1 — Apro)Cyq. Cuas
is neglected for simplification. Ideally, the ripple on ipg is
strongly suppressed by the active filtering mechanism while v p g
is considerably large for compensating the ripple voltage across
Cp. Since the value of R po is small, thereisips Rspo < Ups
and it can be assumed that vpg = v d- Rspo is, thus, neglected
in the analysis. Therefore, the gain of the open-load drain-to-gate
small signal gain Aps open(jw) is

AJ\I,opcn (]w) = 'Lj’ﬁ (]UJ) = AMO
vGs
where Cje = Cys + (1 — Apro)Cya-

Apro and Rgpg can be determined by dc measurement as
in Fig. 3. The parasitic element values can be retrieved from
the MOSFET datasheet or measured with an impedance analyzer.
With the parameters used in the model, the theoretical open-
load gain/phase is plotted as in Fig. 6(a). An experiment is
designed to verify (11) with a gain-phase analyzer HP 4194A.
The configuration is shown in Fig. 6(b). The MOSFET is fed
with a constant current Igp flowing through source to drain.
The constant current source is implemented by a series circuit

1
_ 11
1+ SRg()Cie (b
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Fig. 7. Model of the hybrid filter with proposed ABR, connected to the LISN
as in conducted EMI tests.

of a voltage supply and an RL impedance module in order to
hold the MOSFET current nearly constant. A constant gate bias
voltage Vs is applied to define the dc load line. Then, the
ac stimulus vgg is generated by the analyzer coupled to the
gate through dc-blocking capacitor. The “reference” channel
measures Ugg. The “test” channel measures vpg. The reference
ground is attached to the source of the MOSFET. The measured
A open(f) curveis shown in Fig. 6(a), which matches well with
the modeled frequency response below 5 MHz. The measured
Ao agrees with the dc measurement.

The above ac model has its limitations on linearity. In Fig. 3,
it can be seen that the minima of vpg is bounded by the body
diode, and the maxima is bounded by the channel resistance
in ohmic mode. The operational area between the two bounds
shrinks gradually with the increase in the source-drain current.
The nonlinearity is also reflected in Fig. 4 as the saturation.
Therefore, the linear property is defined only within certain V-
I range to avoid distortion, to be discussed in Section V. The
peak—peak swing of vpg is around 0.4 V and the dropout Vpg
is around —0.35 V for the MOSFETSs that authors have measured.

IV. CONTROL PRINCIPLE

The ac model of Fig. 2 circuit in positive half line cycle is
shown in Fig. 7. For clarity, all parasitic elements are not shown.
During the conduction phase of DI and Q2, D2 and QI are
reverse biased and considered junction capacitors C'p and Cg,
respectively. There is a passive DM filter part Cxy, — Lix — Cxq
and a common mode (CM) filter part Loy — 2Cy, where Ly
is the leakage inductance of the CM choke. The ABR forms a
second DM filter stage together with C'x,, L1 2, and Cgy,.

The VCVS property facilitates the implementation of an
active inductor or inductor enhancing device [7] as illustrated
in Fig. 8. In the ideal case, the controlled VCVS amplifies vy, by
the gain K. The VCVS is, thus, very sensitive and fully compen-
sating the Cyy, ripple voltage. This is equivalent to magnifying
L to a much higher inductance, which virtually diverts all the
ripple current from the converter toward Cjj. Consequently,
the Line Impedance Stabilization Network (LISN) side receives
virtually no disturbance from the converter.
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Fig. 8. Inductor enhancing principle. MOSFET is modeled as a VCVS being
equivalent to a much larger inductor. Suppose K>>1.
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Fig. 9. Key circuit diagram. (a) System architecture. (b) Circuit schematic of

the “fast amplifier” in (a). (c) Circuit schematic of the driver modules “Drv1”
and “Drv2” in (a), based on a class-AB power amplifier.

The circuit implementation is shown in Fig. 9. There are
two parts in the controller shown in Fig. 9(a). The first part is
the inductor voltage amplifier H (s), a fast controller with high
gain. It is implemented by two cascaded operational amplifiers,
as shown in Fig. 9(b). The controller generates a continuous
ripple voltage in a fashion that cancels out the noisy converter
voltage while the MOSFET is the actuator. The second part is
the driving modules depicted in Fig. 9(c). In each module,
there is a logic branch that determines the MOSFET commutation
at line frequency, by detecting the drain voltage of the other
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MOSFET, i.e., an interlocking technique, to prevent shoot-
through. If the NPN transistor is triggered on by line voltage
at vp, above a threshold, the class-AB amplifier becomes
properly biased and generates a signal at vp;,. Otherwise,
the driver is inhibited. Tunable blanking time is implemented
by adjusting the resistor Rp,;. The output of a fast amplifier
signal is shared by the two drivers alternatively. The class-AB
amplifier is used to mitigate the loading effect for the Gain-amp
in Fig. 9(b), because of the high input capacitance of the power
MOSFETs (>1000 pF). MOSFET gate bias level is preset by Rcop;
and RC B2-

The system open-loop gain, referring to Figs. 5(b) and 7, at
node G’ for a 0,4 and a U¢;e is investigated. To simplify the
analysis,

1) the switching converter is regarded as a current source

within the frequency of interest;

2) the parasitic elements including C¢y and C'p are neglected;

3) the loading effect at vz, and vp iy nodes are neglected.

Assume Ly = Ly = Ls. Ry is the summation of Ry and
external gate resistance I, ox¢. The gain of the power stage, i.e.,
the gain of 0, ¢ through the hybrid filter network is

vr,

N — 4
s (jw)

jw,
MO X - ; ) =
Z1||(jwCxa) ™" + 2wl + (jwCin) (12)
where 7 (jw) = [Zrrsn(jw)||(jwCxp) " + 2jwLy, as in
Fig. 7.
Then the open-loop gain for the hybrid filter system is

. L
Aor (jw) =

(jw) - 22 (jw)

Gs vL
_ Ao - jwLs H (jw) D (jw)
Z1H(ijXa)_l + 2jUJLs + (ij’sh)_l 1 + jWRgCie
(13)

To find the controller gain, the small-signal model of Fig. 7
is transformed into Fig. 10 [16]. The most significant loading is
the MOSFET gate, which is interfaced by the driver. Hence,

H (jw) = Ap (jw) - Ag (jw) (14)
. (Rap + Zcp) AOLl (jw)
A w) = -
r (J ) RapAOLl (]w) + Zoa1 + Rap + Zcp
- Hape (15)
1/jwcbi + Rap1 + Rapo
AG (jW) _ _chAOL2 (]UJ) + Zoaz (16)

RagAOLQ (](U) + ZOA2 + Rag + ch .

The class-AB amplifier model in Fig. 10 is a parallel equiva-
lent circuit of two common-collector BJT models. In Fig. 10, the
transconductance ¢,,. is the sum of g,, of the two BITs. R,
Rre, Cre, and O, are parallel equivalent values of the corre-
sponding parasitic elements within the two transistor models.
Repe = Reopi || Rope. A simplified base-voltage-to-emitter-
voltage transfer function is (17), where the driver parasitic
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Max vps swing@I Ips Ips .Hlowever,.deVICes of IO'W Rpson) usua.lly have large par-
- asitic capacitances that hinder the bandwidth of the device.
Bias Vs Vs Finally, the device should be able to achieve lower reverse
2 Pé‘ﬂ; conduction voltage than a diode of similar voltage and current
S 1 ratings. Nevertheless, the above design factors are sometimes
2 mutually contradictory. In particular, the Rps(on) and parasitic

[} —f o5 . . . ..
A $ /g L capacitances of high-voltage devices are also high in nowadays
A\ 5 technologies. It will limit the performance of the filter. The
(a) (b) most acceptable MOSFETS are of superjunction type because they
generally have low R ps(on) among high-voltage MOSFETSs. The
Fig. 11.  Illustration for the biasing scheme of the proposed linear application key parameters Ao, Rspo, and |’UDS7pk7pk‘ can be measured

of MOSFET in third quadrant. Bias point is defined by gate voltage level and
D-S current level. vp g fluctuation is depicted. (a) Proper bias, no clipping. (b)
Improper bias (at Vz1), and ac overdriving both results in clipping of the v 5.
If Vg is set too high, the MOSFET will conduct like standard SR, inside ohmic
region.

elements are neglected

UE

D) = 2 ()
-1

) PO ! + o a7
9me Rg + (j(JJCie)71 Roe .

V. CIRCUIT DESIGN

The design for a practical power line filter circuit requires
comprehensive consideration, analysis, and fine tuning. In this
part, the most basic design procedures are provided with an
explanation of the purpose of design.

A. MOSFET Selection

The most important parameters in selecting proper devices
are enough current and D-S voltage rating, low Rpgs(on), low
reverse conduction voltage, and wide bandwidth in VCVS op-
eration. Among the devices of adequate ratings, those with
minimal R ps(on) are preferred because the ohmic characteristic
confines the voltage swing of the small-signal vpg as shown
in Fig. 11. Higher swing means the capability to compensate
stronger ripple noise. If Rps(on) of a MOSFET is too large, the
ohmic region approximates the diode curve, the VCVS property
tends to vanish. An equation for estimating the needed Rps(on)
is

Rpsony < (0.7 = [vps,pk—pk|)/[IDs] (18)

which puts a relatively low ceiling for the Rpg(on)- [VDps, pk—pk|
is the swing of the vpg, around 0.2-0.4 V.

by inexpensive instruments.

B. Passive Component Selection

The DM passive componentsC'p,, L1 52, and C'x, are critical
in the hybrid filter design. First, the converter input capaci-
tor Cyp, should be sufficiently large due to the limited ripple
compensation capability of the MOSFET. In the ideal case of
EMI elimination, vpg fully compensates the U¢sp,. Csp, can be
estimated by

Csn > |ip pk—pk|/27f |[UDS pk—pk| (19)

which is based on the single-tone approximation for the ripple.
Good estimation can be done using the converter’s switching
frequency for the variable f in (19). Large capacitance value
benefits filtering performance, but it is practically limited by the
size, cost, and power factor (PF) requirements. Considering the
size and cost, dc-rated film capacitors are preferable than the
ac-rated products, especially those safety certified. Therefore,
Clp 1s chosen a dc-rated type. However, since C'x, must be an
X-cap, its value is selected to be much smaller, e.g., 1/10 of Cl;,.
Finally, the L; 5o — C'x, combination should ensure sufficient
attenuation of the switching frequency. A simple equation for
selecting total inductance value is

1 1

———<fy. 20
2m le,s2CXa 2 ( )

fres, LC—

L1 and Lgs are two identical inductors separated onto both

lines, like in Fig. 7, for better CM EMI reduction. fg,, is switching
frequency of the converter.

C. Controller Design

First, during the conduction phase, the MOSFET gate dc voltage
level Vi is hardware-preset. Therefore, the dc load line of the
MOSFET is simply the V—/ trace set by the V(;, as shownin Fig. 11.
Ipg is determined solely by the power converter; its variation
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makes the Vps moving along the dc load line. The importance
of selecting the proper load line as well as the Vpg bias is to
keep the fluctuation of v pg within the linear VCVS area. Fig. 3
shows that all VI traces droop naturally along Ipg and are
bounded by the sloped diode and ohmic regions. Therefore,
having preset value of Vi is the simplest design to keep vpg
range within the bounds throughout /pg variation, as illustrated
in Fig. 11(a). To determine a proper V¢ level, one may examine
the V-I graph for the curve(s) allowing maximum vpg swing
throughout the specified input current range of the converter. If
Ve is incorrectly set, like the Viz; trace in Fig. 11(b), vpg is
clipped near the boundaries and the VCVS behavior becomes
nonlinear. Even if the load line is properly defined, overdriving
of the ac gate voltage could also result in clipping shown in the
same figure. The configuration is shown in Fig. 6(b) is used to
find the optimized gate bias voltage more precisely. A total of
3.5 V is chosen for the IPP6OR0O60P7 MOSFET.

Second, a preliminary controller design of the two cascaded
high-speed amplifiers is introduced. Stability must be ensured
while higher gain is preferred. In Section V-B, the passive
components are designed as 1) Cj, value is sufficiently large;
2) the resonant pole of L,y 52 — C'x, is sufficiently low so that
within the concerned frequency range, both capacitors C, and
C'x, can be considered as a short circuit. Then, the filter network
in Fig. 10 can be simplified as a series circuit of MOSFET, L and
Lgs. Thus, the gain of the filter network (12) can be simplified
as

o1, . 1
~ —Ano- 21
Tos (jw) 5 AMo 2D

Its value is around —20 dB with zero phase. To simplify the
design procedure, the phase lag due to the pre-amp is neglected,
and the pre-amp is considered as a constant gain A py. The total
phase lag only counts on the combination of the gain amplifier
and the MOSFET. The open-loop transfer function of the gain-amp
is written as [26]

Aorz (Jw) = Aora (1 +jw“’1)1(

: +ji). (22)

Wp2

Substitute (22) into (16). The amplifier’s small output
impedance Zp 42 is neglected for simplicity. Then the closed-
loop transfer function of the gain-amp can be rewritten as

Zeg jw jw\] !
1+ 1+— ) {14+ — .
Rag Wp1 Wp2
(23)
Assume that the driver is an ideal buffer. The overall open-loop

gain, i.e., simplified expression of (13), is given as

Rag + ch
RagAOLG

Ag (jw)~—

Aopr, (jw) =~ _%AJWO < Apo - Ag (jw) - H—ﬂuleC’M
(24
For (24), it is preferable to set the gain-amp with a much
higher bandwidth than the MOSFET, while adding no external
gate resistor. Because in this way Ag(jw) exhibits a flat gain,
and the open-loop gain Appy,(jw) only exhibits RC response
defined by the MOSFET input impedance, which ensures a
490 degree phase margin. However, this scheme requires a
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Fig. 13.  Overall open-loop gain simulated with LTspice. The compensation
technique based on the simplified model is verified by this model. Phase margin
is improved by 80°.

very high-GBW amplifier. If a less extreme amplifier is used,
the gain-amp pole might be closer to the MOSFET input pole,
which leads to —40 dB/decade roll-off. Then the phase margin
can hardly be adequate. A compensation circuit to the gain
amplifier is then added, and a Type-II compensator as shown
in Fig. 12 is used to pull down the loop gain at a lower fre-
quency than the MOSFET input pole and boost the phase near the
crossover frequency. The pole created by the compensator can be
estimated by

1

1 ~ . 25
Wp,comp ngch (25)

The zero created by the compensator can be estimated by
1

Wz,comp ~ .
R.yCey

The simulated loop gain is shown in Fig. 13. After the com-
pensation, the original bandwidth is reduced to compromise with
the phase margin.

The key circuit design parameters with component selection
are shown in Table I.

(26)

VI. EXPERIMENTAL VERIFICATION

A hybrid filter prototype with the proposed ABR is built. It
is tested with the converter part using a boost PFC evaluation
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TABLE I
KEY PARAMETERS AND COMPONENTS
Item Value Item Value
Cy 2.2pF, DC film cap Gain-amp | LMH6654
L, Ly, 10uH each, R, Ry 390Q, 10kQ
(IHLP3232DZER100M01)
Cy 0.22puF, X2 film cap R, C., 1kQ, 22pF
Ley, Ly 560pH@200kHz, @1, O, 23kHz,
4.1pH leakage 500MHz
(KEMET SCF-05-350) Aore 15000
Cy 2.2nF each, Y2 ceramic Pre-amp AD8038
Cy - Ry Ry | 100Q,1kQ
MOSFET | IPP60R060P7 R,. Z,, 1009, 1kQ
Ay, Rspo | 0.21,0.07Q Class AB MMBT3904,
Roos Roww | 2.8Q,5Q amplifier MMBT3906
Ci.vsa Cie San 4.6nF R(_‘Bl; R(_‘BZ 3](9’ 2.5kQ

PFC eval. module

ACin
(via LISN)

To LISN

frth Hybrid filter TAUX
prototype  power
Fig. 14.  Test configuration. The hybrid filter prototype including the proposed

ABR is connected to a PFC.

module, Texas Instrument UCC28180EVM-573, which runs in
CCM with average current mode control. The original onboard
passive filter (C-L-C filter, two 0.47 uF X-cap, and a5 mH CM
choke) and rectifier are disconnected from the circuit, replaced
by the filter prototype. The input capacitor C'yj, is changed from
0.33 to 2.2 puF. The switching frequency of the PFC is adjusted
to 200 kHz. The other parts of the PFC remain unchanged. The
circuit configuration under test is shown in Fig. 14. The input
voltage is 115 V 60 Hz and 230 V 50 Hz. The output voltage
of the PFC is 390 V. The load is an 800-§2 wire-wound resistor.
The power source is Kikusui PCR500LA. The LISN is EMCO
3180/2.

The key operation waveforms of the proposed ABR are shown
in Fig. 15. The MOSFET gates commutate regarding to the line
voltage to implement rectification. During the conduction state
of a MOSFET, its driver output is pulled up to the preset level with
fast control signal superimposed, exhibiting an envelope shape.
The line input current is solely shaped by the PFC. The drain-
source waveform reflects the blocking and conduction states of
the MOSFET.

A closer view shows a commutation transient in Fig. 16. As the
line current crosses zero, Q1 voltage drops rapidly. Q2 is turned
OFF before Q1 is turned ON. The blanking time is around 400 ps.
The blanking time is adjustable through changing the value of
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Fig. 15. Key waveforms of the PFC with hybrid filter, with (a) 115 V
60 Hzinputand (b) 230 V 50 Hz input. CH1, CH2: 5 V/div, CH3: 100 V/div, CH4:
2 A/div. Timescale: 4 ms/div.

Tokstop_|

o e Blocking

1
B
t
-

i SR
BiT S W — conduction
T4 Ik Body diode
" CH4: Line current conduction

(LtoN)

Fig. 16.  Transients during the MOSFETs’ commutation. CH1, CH2: 2 V/div,
CH3: 1 V/div, CH4: 2 A/div. Timescale: 200 ps/div.

Rpo in Fig. 9(c). By using a smaller Rp,, lower grid voltage
can trigger the transistor, therefore the trigger point is closer to
zero-crossing point and the blanking time can be reduced. Since
the blanking time is utilized by the interlocking mechanism to
avoid shoot through, too short blanking time might reduce the
safety margin. Moreover, the gate-source voltages applying to
the MOSFETs might bounce around zero crossings of the grid
voltage due to low triggering voltage.

As shown also in Fig. 16, the ABR behaves like a typical
diode bridge rectifier during the blanking period. The conduction
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Fig. 18.  Efficiency under various conditions versus load power.

voltage difference of body diode and SR is observable as a minor
step at the bottom of the drain voltage. Thus, long blanking
time might increase the power loss and EMI, but not significant,
because the input current magnitude and its associated current
ripple are small around zero crossing.

A closer view of the active filtering operation is shown in
Fig. 17. The waveforms match the illustration in Fig. 2. The
inductor voltage vy, is a weak ac ripple. It is amplified as the
vGs to drive the MOSFET. The vpg has a similar shape as vgg
with the scale factor of 1:5, which reflects Ap;g &~ 0.2 in the
MOSFET VCVS model. The ripple in vpg is 0.4 Vp-p. The dc
bias in vpg can be observed as the slightly negative voltage
in CH3. The spikes appear in Fig. 17 is due to the switching
action of the PFC connected to the output of the ABR. Moreover,
oscilloscope probes can also pick up such high-frequency spikes.
The frequency of the spikes is found to be 200 kHz, which is
the same as the switching frequency of the PFC. Because high-
voltage differential probe is used, there is noticeable offset error
as well as noise in vpg waveform.

The efficiency versus loading power is shown in Fig. 18.
The power quality measurements are shown in Table II. They
are measured with a power analyzer Voltech PM6000. The
efficiency is obtained by measuring the input and output power of
the setup in Fig. 14. First, the setup was measured with the ABR
controller disabled. The ABR module was effectively a diode
bridge rectifier. The measurement was taken after operating the
PFC for 5 min. Then, the setup was measured with the ABR
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TABLE IT
POWER QUALITY MEASUREMENTS WITH 200-W LOAD

Test Condition 115V, 60Hz 230V, 50Hz
Status of the ABR Enabled Disabled | Enabled | Disabled
PF 0.996 0.996 0.976 0.976
THDi (%) 5.44 5.58 6.46 6.61
Efficiency (%) 92.8 92.4 94.9 94.6
TABLE III
SINGLE-DEVICE POWER LOSS MEASUREMENTS
Test Conditions 115V, 60Hz 230V, 50Hz
(*SR-MOSFET using IPP60R060P7)
Diode, in original rectifier GBU8J-BP 1.16W 0.49W
Body diode operation, V=0V 1.18W 0.63W
Standard SR operation, Vgs=6.7V 0.26W 0.13W
Proposed ABR operation, Vgs=3.5V 0.65W 0.31W

controller enabled. The measurement was taken after operating
the PFC for 5 min. The results show that the ABR has no impact
on the PF and the total harmonic distortion of the input current
(THD:i). Efficiency is improved as expected with the ABR due
to the lowered dropout voltage of the SR MOSFETS.

From the perspective of power loss, when the input is
115 V, 60 Hz, the loss is reduced from 200/0.928 x (1-0.928)
= 15.52W to /0.924 x (1-0.924) = 16.45 W with the ABR
enabled, showing a reduction of (16.45-15.52)/15.52 = 5.65%.
Similarly, when the input is 230 V, 50 Hz, with the ABR enabled,
the reduction is 5.87%.

The conduction losses of various devices are measured and
are shown in Table III. The device power loss was obtained by
using calibrated oscilloscope and probes to measure the voltage
and current waveforms associated with the device. After multi-
plying the voltage and current waveforms over the conduction
period with the MATH function, the average value is used to
determine the average device power loss. The off-state power
loss has not been taken into account, as the leakage current is
extremely small. Especially, the loss of the MOSFET in standard
SR operation, i.e., reverse fully turn-ON, is also measured. The
data show that the proposed active rectifier device consumes
significantly less power than a diode.

Although the proposed active driving technique requires a
higher dropout voltage than standard SR driving, it gains the
capability in noise reduction. The ABR control circuit consump-
tion is about 160 mW.

The transient responses of the PFC under different operating
conditions have been tested and are given in Fig. 19. CH1 and
CH2 show the measured waveforms of the drain-source voltage
of the two MOSFETs in the ABR. CH3 is the input current of the
PFC. CH4 is the gate-source voltage of one of the MOSFETS in
the ABR. Fig. 19(a) shows the start-up transients of the PFC
when the input voltage is 115 V, 60 Hz, and the output power
is 200 W. Due to initial charging of the output capacitor, the
input current has a high inrush current. Such inrush current is
limited by a thermistor in the PFC evaluation module. Afterward,
the input current becomes sinusoidal. Fig. 19(b) shows the
load transients when the output power is changed from 100 to
200 W. The input current can remain sinusoidal over the transient
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CH3 oy p p A

Fig. 19. PFC power transient waveforms. (a)—(c) 115-V 60-Hz input. CHI,
CH2: 100 V/div. CH4: 5 V/div. (a) CH3: 5 A/div. Timebase: 20 ms/div. (b),
(c) CH3: 2 A/div. Timebase: 40 ms/div.(d)—(f) 230 V 50 Hz input. CH1, CH2:
200 V/div. CH4: 5 V/div. (d) CH3: 5 A/div. Timebase: 20 ms/div. (e), (f) CH3:
1 A/div. Timebase: 40 ms/div.

period. Fig. 19(c) shows the load transients when the output
power is changed from 200 to 100 W. The input current remains
sinusoidal over the transient period.

Fig. 19(d)-(f) shows the corresponding start-up transients
with the input voltage of 230 V, 50 Hz, and the output power of
200 W. The performance is similar to that with the input voltage
of 115V, 60 Hz.

Apart from lowering power loss, reduction of EMI of the
power converter is also a key consideration in the proposed
research work. Conducted EMI is measured by the Rohde &
Schwarz ESCI7 receiver via a coaxial cable connected to the
LISN signal output. The receiver frequency step is set to be
4 kHz, RBW 9 kHz, and measurement time 20 ms with a peak
detector. In Fig. 20, the EMI scan results of three configurations
are compared. They are

1) original evaluation board configuration with bulky passive

filter;

2) hybrid filter, with the proposed active rectifier enabled;

3) hybrid filter with the active rectifier disabled, i.e. acting as

diode bridge.

Under both ac input conditions, the PFC with ABR enabled
exhibits lowest EMI emission; —20-dB reduction is achieved
comparing to the original passive filter configuration at 200 kHz.
It confirms the filtering function of the ABR.
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Fig. 20. EMI scan results from Rohde & Schwarz ESCI7 receiver. The ABR

control is turned OFF resulting in the bold gray curves, for which the filtering
is determined merely by the passive components within the hybrid filter. Input
conditions: (a) 115 V 60 Hz. (b) 230 V 50 Hz.

TABLE IV

PASSIVE COMPONENT SIZE MEASUREMENTS
Part Hybrid filter (mm?) Original filter (mm®)
Cy, 17.5x15.5%10 17.5%9.5x17.5
Cy, 18x7x12.5 25%x8.5x18.5
Lew 16x12x16 37%20.5%38
Cy, - 25%8.5%x18.5
Ly, Ly 8.2x8.6x4, 2pcs. -
Cy 9x5x11, 2pcs. 9x5x11, 2pcs. (2.2nF each)
Total 8914 40585

Finally, the volume of the passive components from the hybrid
filter is compared with the original passive filter, in Table IV.
The total volume of the passive components is reduced by 78%.
There is no C'xp, added in the hybrid filter.

VII. DISCUSSION

The proposed ABR benefits the volume reduction of the
EMI filter. In the experiment, the original passive filter of the
evaluation board has no dedicated DM inductor; the CM choke
contributes its leakage inductance as DM inductance. However,
to achieve an adequately large leakage inductance for DM fil-
tering, the CM choke might be large. The active rectifier relaxes
the requirement of DM filtering inductance, thus contributes
to the total size reduction of the filter. In the prototype ABR,
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four discrete TO-220 package devices are used, the total size
is 3000 mm?>. The size of the original diode bridge module in
the evaluation board is around 1700 mm?. The size of the ABR
is not much larger than the integrated diode rectifier. Package
integration of the discrete power devices may eliminate the size
penalty on using the MOSFETs. Moreover, the loss reduction due
to the proposed technique could require less material and space
for heat dissipation. The proposed analog controller and driver
can be easily integrated without high voltage process. Therefore,
the size penalty on the control part could also be minimized.

The limitations of the proposed technique are the relatively
small vpg swing, limited bandwidth and high cost. First, the
limited MOSFET voltage swing restricts the noise amplitude to
be compensated. The limitation can hardly be removed due to the
body diode property (~0.7 V) and the demand for low dropout
(lower than diode). As an example, SiC MOSFETs allow larger
voltage swing in third-quadrant operation because of its high
body diode threshold voltage [3], [27]; however, for correct load
line, the dropout voltage has to be increased accordingly, which
leads to higher loss than diodes. Second, the limited bandwidth
mainly due to the MOSFET frequency response. Fortunately, the
DM filtering do not require very high bandwidth. The proper
design of fast controller is of higher importance. Finally, the
cost for a usable MOSFET plus the high-speed amplifier for this
application is much higher than a diode currently. Technically
speaking, wide bandgap devices can offer better performance.
However, due to their high cost, they are currently not the best
candidate. This is expected to be settled through the evolution
of semiconductor technology, which may improve the dynamic
characteristics and power handling capability of even Silicon
MOSFETS.

VIII. CONCLUSION

The MOSFETs in the proposed ABR are not operated in the first
quadrant ohmic or saturation region. Instead, they are operated
in the third quadrant saturation region. In the first quadrant
ohmic region, the ON-state resistance of MOSFETs can be adjusted
by changing the magnitude of the gate-source voltage. In the
saturation region, the channel is pinched off. The drain current
is in linear relationship with gate-source voltage.

It has been shown experimentally that the gate-source voltage
is in a linear relationship with the drain-source voltage in the
third quadrant saturation region, behaving differently from the
characteristics in the first quadrant. In addition, the required
bias in the gate-source voltage, operating range, and frequency
response are different from that in the first quadrant operation.

This article reveals the linear dependent voltage source prop-
erty of an n-MOSFET in reverse operation in both dc and ac. It is
attempted to provide a proof with semiconductor physics equa-
tions. The property is also verified by experiments. A linearly
driven ABR is built based on this property, exhibiting an EMI
reduction function. It is considered as an inductor-enhancing
device in a hybrid filter. Small signal model of the hybrid filter
is provided. The design consideration is shown. The proposed
active rectifier plays tworoles, i.e., rectification and filtering, and
facilitates reduction in power loss and filter size. It is expected
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that an integrated circuit can be fabricated for the entire ABR
module, such as the one in [28]. Both the cost and physical
size can, thus, be reduced. It is considered to be a novel idea of
function integration for future high-power-density converters.

Further research will be dedicated to extending the technology
to common-mode noise suppression.

REFERENCES

[1] S. Wong, “Bridge rectifier circuit having active switches and an active
control circuit,” U.S. Patent 5 510 972, 1996.

[2] Min-hwa Chi and Chenming Hu, “The operation of power MOSFET
in reverse mode,” IEEE Trans. Electron Devices, vol. 30, no. 12,
pp. 1825-1828, Dec. 1983.

[3] S. Yin, Y. Liu, Y. Liu, K. J. Tseng, J. Pou, and R. Simanjorang, “Com-
parison of SiC voltage source inverters using synchronous rectification
and freewheeling diode,” IEEE Trans. Ind. Electron., vol. 65, no. 2,
pp. 1051-1061, Feb. 2018.

[4] J. W.Kolar et al., “PWM converter power density barriers,” in Proc. Power
Convers. Conf.—Nagoya, 2007, pp. P-9—P-29.

[5] M. L. Heldwein and J. W. Kolar, “Impact of EMC filters on the power
density of modern three-phase PWM converters,” IEEE Trans. Power
Electron., vol. 24, no. 6, pp. 1577-1588, Jun. 2009.

[6] J. Walker, “Designing practical and effective active EMI filters,” in Proc.
Powercon 11, 1984, Paper 1-3.

[7]1 L.E.Lawhite and M. F. Schlecht, “Active filters for 1-MHz power circuits
with strict input/output ripple requirements,” IEEE Trans. Power Electron.,
vol. 2, no. 4, pp. 282-290, Oct. 1987.

[8] L.LaWhite and M. E. Schlecht, “Design of active ripple filters for power
circuits operating in the 1-10 MHz range,” IEEE Trans. Power Electron.,
vol. 3, no. 3, pp. 310-317, Jul. 1988.

[9] T. Farkas and M. F. Schlecht, “Viability of active EMI filters for utility
applications,” IEEE Trans. Power Electron., vol. 9, no. 3, pp. 328-337,
May 1994.

[10] D. C. Hamill, “An efficient active ripple filter for use in DC-DC conver-
sion,” IEEE Trans. Aerosp. Electron. Syst., vol. 32, no. 3, pp. 1077-1084,
Jul. 1996.

[11] A. C. Chow and D. J. Perreault, “Design and evaluation of a hybrid
passive/active ripple filter with voltage injection,” IEEE Trans. Aerosp.
Electron. Syst., vol. 39, no. 2, pp. 471-480, Apr. 2003.

[12] M. Zhu, D. J. Perreault, V. Caliskan, T. C. Neugebauer, S. Guttowski,
and J. G. Kassakian, “Design and evaluation of feedforward active rip-
ple filters,” IEEE Trans. Power Electron., vol. 20, no. 2, pp. 276-285,
Mar. 2005.

[13] W. Chen, X. Yang, and Z. Wang, “An active EMI filtering technique
for improving passive filter low-frequency performance,” IEEE Trans.
Electromagn. Compat., vol. 48, no. 1, pp. 172-177, Feb. 2006.

[14] W.Chen, X. Yang, and Z. Wang, “Analysis of insertion loss and impedance
compatibility of hybrid EMI filter based on equivalent circuit model,” [EEE
Trans. Ind. Electron., vol. 54, no. 4, pp. 2057-2064, Aug. 2007.

[15] D.Xu,C.K.Lee, S. Kiratipongvoot, and W. M. Ng, “An active EMI choke
for both common- and differential-mode noise suppression,” I[EEE Trans.
Ind. Electron., vol. 65, no. 6, pp. 4640-4649, Jun. 2018.

[16] R. Goswami and S. Wang, “Modeling and stability analysis of active
differential-mode EMI Filters for AC/DC power converters,” IEEE Trans.
Power Electron., vol. 33, no. 12, pp. 10277-10291, Dec. 2018.

[17] J. Dumas, B. Lanoue, and B. Tahhan, “Active analog power filters provide
solutions for EMC and EML,” in Proc. 19th Annu. IEEE Appl. Power
Electron. Conf. Expo., 2004, vol. 2, pp. 675-680.

[18] M.S. Taubman, “Methods and apparatus for efficient, low-noise, precision
current control,” U.S. Patent 2010/0329 293 A1, 2010.

[19] Y. Yang, X.Chang, W. Chen, and X. Yang, “Implementation of a MOSFET-
based active differential mode EMI filter in DC /DC converter,” in Proc.
Int. Power Electron. Appl. Conf. Expo., 2014, pp. 1345-1348.

[20] W.-T. Fan, K. K.-F. Yuen, and H. S.-H. Chung, “Power semiconduc-
tor filter: Use of series-pass device in switching converters for filtering
input current harmonics,” IEEE Trans. Power Electron., vol. 31, no. 3,
pp. 2053-2068, Mar. 2016.

[21] C. P. Tung, H. Chung, and K. Yuen, “Boost-type power factor corrector
with power semiconductor filter for input current shaping,” IEEE Trans.
Power Electron., vol. 32, no. 11, pp. 8293-8311, Nov. 2017.



2982

[22] C.-P. Tung et al., “Flyback PFC with a series-pass module in cascode
structure for input current shaping,” IEEE Trans. Power Electron., vol. 34,
no. 6, pp. 5362-5377, Jun. 2019.

[23] C.E. Mullett and T. M. Ingman, “Converter output regulation via channel
resistance modulation of synchronous rectifiers,” U.S. Patent 63 301 69B2,
2001.

[24] D. P. Arduini, “Synchronous rectifier post regulator,” U.S. Patent 800 896
0B2,2011.

[25] T. Ytterdal, Y. Cheng, and T. A. Fjeldly, Device Modeling for Analog and
RF CMOS Circuit Design. Chichester, U.K.: Wiley, 2003.

[26] Y. Chu, S. Wang, and Q. Wang, “Modeling and stability analysis of
active/hybrid common-mode EMI filters for DC/DC power converters,”
IEEE Trans. Power Electron., vol. 31, no. 9, pp. 6254-6263, Sep. 2016.

[27] Rohm Semiconductor, “SiC power devices and modules application note,”
Aug. 2014.

[28] NXP Semiconductors, “TEA2208T Active bridge rectifier controller,”
Product data sheet, Mar. 2020.

Ke-Wei Wang (Student Member, IEEE) received the
B.Eng. degree in electronic and information engi-
neering from the Hong Kong Polytechnic University,
Hung Hom, Hong Kong, in 2011. He is currently
working toward the Ph.D. degree with the Centre for
Smart Energy Conversion and Utilization Research,
City University of Hong Kong, Kowloon, Hong Kong.

Since 2011, he has been a Research Assistant with
Centre for Smart Energy Conversion and Utilization
Research, City University of Hong Kong. His re-
search interests include active filtering, control en-
gineering, and power transistor driver design.

Kun Zhang (Student Member, IEEE) received the
B.Eng. degree in electrical engineering from Wuhan
University, Wuhan, China, in 2018. He is currently
working toward the Ph.D. degree in electrical en-
gineering with the City University of Hong Kong,
Kowloon, Hong Kong.

His current research interests include active filter-
ing techniques, power factor correction, and stability
analysis of power converters.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 3, MARCH 2021

Chung-Pui Tung received the B.Eng. degree in
computer engineering and Ph.D. degree in electri-
cal engineering from the City University of Hong
Kong, Kowloon, Hong Kong, in 2014 and 2020,
respectively.

He has filed several patents in his research area.
His current research interests include power converter
topology, power factor correction, stability analysis of
power converter, active filtering techniques, and LED
driving topology.

Mr. Tung was the recipient of the HKIE Outstand-
ing Paper Award for Young Engineers/Researchers 2015, Hong Kong Institution
of Engineers, for his research outputs on active filtering techniques for switching
mode power supply.

Henry Shu-Hung Chung (Fellow, IEEE) received
the B.Eng. and Ph.D. degrees in electrical engi-
neering from the Hong Kong Polytechnic Univer-
sity, Kowloon, Hong Kong, in 1991 and 1994,
respectively.

Since 1995, he has been with the City University
of Hong Kong, Kowloon, where he is currently Asso-

) ciate Dean (Research) of the College of Engineering,

"\ a Chair Professor with the Department of Electronic

// }4, Engineering, and the Director of the Center for Smart

' Energy Conversion and Utilization Research. He has

edited one book, authored eight research book chapters, and over 460 technical

papers including 220 refereed journal papers in his research areas, and holds

70 patents. His current research interests include renewable energy conversion

technologies, lighting technologies, smart grid technologies, and computational
intelligence for power electronic systems.

Dr. Chung was the Chair of the Technical Committee of the High-Performance
and Emerging Technologies, IEEE Power Electronics Society from 2010 to
2014. He is currently Associate Editor of the IEEE TRANSACTIONS ON POWER
ELECTRONICS and the IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN
POWER ELECTRONICS. He was Editor-in-Chief of the IEEE POWER ELECTRON-
ICS LETTERS 2014-2018. He has received numerous industrial awards for his
invented energy saving technologies.




<<
  /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


