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Control of a Three-Phase Boost PFC Converter Using
a Single DC-Link Voltage Sensor
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Abstract—This paper proposes a new methodology to control
a three-phase boost power factor correction (PFC) using a single
dc output voltage sensor. Typically, a PFC control technique re-
quires measurement from five independent sensors, i.e., two input
voltages, one output dc voltage, and two input phase currents. Elim-
ination of four sensors in the control system of a PFC converter
is theoretically feasible and implementable without compromising
stability and power quality of the converter, as analyzed and pre-
sented in this paper. The proposed control technique uses the ripple
information of the measured dc-link voltage, converter dynamics,
and switching states at a preceding sample in order to estimate the
present state of four other unknown state variables and, thus, es-
tablishes the control method. A 2.2-kW experimental prototype of
a three-phase boost PFC is developed and tested to verify the accu-
racy and applicability of the proposed control logic at different line
and load conditions. According to the experimental measurements,
conversion efficiency more than 98 %, total harmonic distortion as
low as 4.3%, and an output voltage ripple of +-2% are achieved at
2.2-kW output power.

Index Terms—Boost rectifier, converter dynamics, estimation,
modeling, power factor correction (PFC), sensorless control, three
phase.

1. INTRODUCTION

RADITIONAL three-phase ac/dc rectification topolo-
gies in auxiliary power unit of airplanes, utilizing pas-
sive diode-bridge rectifiers and huge dc-link capacitors are
presently being replaced by active switched-mode ac/dc con-
verters. Power factor correction (PFC) rectifiers are one of the
fundamental building blocks in active ac—dc conversion, re-
quired to supply power to different linear and nonlinear loads
in the airplane. PFC stages are used to improve power qual-
ity, and are also regulate output dc-link voltages. Among the
three traditional PFC topologies, i.e., buck-type, boost-type, and
buck—boost-type, the three-phase active boost PFC has a simple
structure, less number of semiconductor devices and capability
to work in continuous-conduction mode [1]-[4].
Various methodologies to control three-phase boost PFC con-
verters have been reported [5]-[14]. One of the most commonly
used simple techniques is direct linear-phase current control,
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which considers each phase current as an independent state
variable and stabilizes the control loop through a linear current
controller for each phase [5]. Because of its simple and compu-
tationally fast implementation, higher switching frequency op-
eration could be achieved. However, using this control strategy,
itis very challenging to minimize the lower order odd harmonics
of the phase currents. Therefore, input current total harmonic
distortion (THD) and conversion efficiency are not comparable
to advanced control methods with better modulation strategies.
The inherent steady-state tracking error and the leading phase
of current in this method could be potentially eliminated by the
dg-domain space vector pulse width modulation (PWM) con-
trol strategy [6]. dg-domain vector control also takes care of
minimizing the switching transitions and, hence, improves the
input current THD content. However, abc-dq transformation
sector determination are two major computationally compli-
cated tasks, and thus, interrupt execution time is relatively more
than the existing traditional methods. Therefore, high switching
frequency designs with this control method require high-speed
digital implementation platforms, such as multicore digital sig-
nal processor (DSP) or FPGA, which could increase the cost
and complexity of design [7].

Moreover, in the aforementioned methods, PFC requires two
input voltage sensors, one dc-link voltage sensor and two input
phase current sensors. Besides obvious economic benefits of re-
ducing sensor counts, there are several other additional advan-
tages, such as robustness to high-frequency noise, elimination
of sensor offsets, reduction of weight of the converter, and slight
increase in conversion efficiency by removing the senor losses
[8]. To alleviate such sensor-related issues, cheap voltage divider
solutions could be applied to replace the high-frequency sensors.
However, since the inductor currents and phase voltages are of
low frequency, it is quite challenging to measure these variables
with high accuracy. Therefore, the high-frequency sensors need
to be used; however, due to the required high resolution and
high sampling frequency, the cost of input current and its cor-
responding A /D converter is usually quite high and covers a
significant portion of the entire cost of a PFC unit. In addition,
these sensors introduce high-frequency noise and path delay in
the control loop, which could potentially jeopardize the robust-
ness and stability of the converter. This delay effectively works
as an inductive path in the feedback loop, which could result in
high-voltage spikes across the switching devices.

Additionally, using hall-effect sensors could potentially limit
the duty ratio of MOSFETs due to saturation, which in turn com-
promises the power quality of the converter. Moreover, typical
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hall-effect phase current sensors not only add weight to the
system, but also complicate the design of the control loop due
to carrying high-frequency noise. To overcome these issues,
different algorithms have been proposed to estimate the input
phase currents from the dc-link current and/or the DC-link volt-
age as well as PWM states of the switches [9]-[19]. However,
one of the principal difficulties associated with these methods
is that the phase currents cannot be perfectly reconstructed if
dc-link current consists of more than one phase currents in some
switching intervals. It will also add one cycle delay in using the
reconstructed phase currents in control loop, as it would take
one switching cycle to compute respective estimators [20] and,
hence, could lead to instability in case of an output load transient
at a digital control platform. To address these critical issues, a
large-signal model of boost PFC can be used to design a current
observer [20]. However, the proposed control is not simply ap-
plicable to three-phase boost PFC rectifiers due to difference in
topological structures.

In [21], the CT is placed in series with the MOSFET to sense
the inductor current when the switch is ON. However, the idea
in [21] deals with the interleaved structure of multiple boost
phases; the switching noise of one phase potentially affects the
sampling of the other phase, which degrades the reliability. To
avoid such issues, typically low-pass filters are added in series
with CT; however, this introduces more delay into the feedback
loop and deteriorates the stability margins. PFC operation by
removing the current sensors is presented in [22]. It is shown
that a sinusoidal current can be achieved by a nominal duty ra-
tio pattern, which is calculated in an open loop and the voltage
loop controls the controllable phase of the duty ratio pattern to
regulate the output voltage. However, this method is too sensi-
tive to the circuit parameters. Also, the converter’s performance
degrades in light load condition due to sudden jump in zero
crossings and higher THD. In [23], another current sensorless
observer-based estimation approach is taken to minimize the
error caused by the parasitic components. Although this method
achieves high-quality input currents at heavy load, the perfor-
mance deteriorates at low output power. Also, in many applica-
tions, the load value is unknown to the nonlinear observer, used
in this method. Therefore, due to the lack of information, the
converter loses its observability at some operating points. More-
over, similar aforementioned sensor-related issues arise in case
of input voltage sensors, as input voltages are sampled at the
same frequency as input currents to maintain in-phase oper-
ation. A few input voltage sensorless control strategies have
been proposed; however, due to computational complexities of
the suggested algorithms, switching frequency is limited, which
would increase the THD of the input phase currents [24]-[27].
The idea presented in [28] estimates the input voltage from the
sensed current and dynamic input impedance analysis, and pro-
poses a voltage feed-forward control to achieve PFC. However,
the input voltage estimation and the proposed control depend
on the output load resistance, which makes this method inappli-
cable for a variable load condition.

Therefore, aiming to offer an alternative sensorless control
strategy for a three-phase boost PFC converter, this paper pro-
poses an innovative control methodology using a single dc-link
voltage sensor. Four other state variables, i.e., two input volt-
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TABLE I
LIST OF NOMENCLATURES

Symbol Description

dry Duty ratio of high-side MOSFET of “k”’th phase (“k” is A or B or
(©)]

Dy, Duty ratio of low-side MOSFET of “k”th phase (“k” is A or B or
O]

VN Voltage between “k’th phase and negative terminal of dc link
(“k”is Aor Bor C)

iy Instantaneous current through “J” phase inductor (“J” could be
AorBorC)

C, Output capacitor value

Vpe Output voltage

I, DC-link current

Qout Current through dc load

Ay Estimated variation in “k”’th phase current over a sampling cycle

AViy Estimated variation in “k”th phase voltage over a sampling cycle

A Voltage loop PI controller output

X Duty-averaged phase-neutral voltage

k1 Difference between phase “A” duty and common mode duty
ratio

ko Difference between phase “B”’ duty and common mode duty

ratio

ages and two input phase currents are estimated from the dc-
link voltage ripple between two consecutive samples, switching
PWM states at previous cycle, and phase duty cycles at previous
sample. The estimation technique involves extensively detailed
mathematical modeling of the converter, and small-signal trans-
fer functions among the state variables. The effectiveness of
the control algorithm with the variability of output load power
demand and line voltage conditions is addressed, analyzed math-
ematically, and verified through experimental results with the
specifications of an avionics application (i.e., 400 Hz input ac
system). Furthermore, the paper discusses the digital implemen-
tation of this control approach by comparing its execution time
and computational complexity with other existing methods.

The paper is organized as follows. Section II introduces the
brief description of the topology and explains the details of
mathematical modeling of the converter and systematically de-
rives the estimation algorithm for control implementation. The
experimental results of applying the proposed control method-
ology on a 2.2-kW three-phase boost PFC prototype at vari-
able load and line conditions are presented and analyzed in
Section III. Section IV puts forward conclusions of this paper
with relevant discussions.

II. PROPOSED CONTROL ALGORITHM USING A SINGLE
DC-LINK VOLTAGE SENSOR

For the analyses performed in rest of this section, some
nomenclatures have been used and, therefore, summarized in
Table 1.

A. Derivation of Reference Phase Duty Ratios With All
Sensors

The three-phase boost PFC converter, shown in Fig. 1 has
eight different modes of operation depending upon the different
switching combinations of semiconductor devices. The boost
inductor for “k”’th phase (“k” could be A or B or C) gets charged
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Fig. 1. Three-phase boost PFC rectifer.

Fig. 2. One independent leg of a three-phase active boost-type rectifier.
with a rising slope of Vix /L and discharges through top-side
semiconductors with a falling slope of (Vix — V¢ )/L.

The charging and discharging times are governed by the duty
ratio of the switch, which is directly determined from the in-
dividual phase duty ratios obtained from the PWM scheme.
The calculation of individual phase duty ratios is based upon
the analysis of the converter in terms of a coupled form of
three single-phase ac—dc boost converters.

A three-phase boost PFC, shown in Fig. 1, consists of three
coupled ac—dc boost converters with the same output Vp, one
of which is shown in Fig. 2. According to Fig. 2, the output and
input voltages of the converter are Vpc and Vi, respectively.

From volt—second balance, the generalized relationship be-
tween the dc-link voltage and any input phase voltage (phase
“k”) could be established from the principle of boost converter,
according to

Vin = (1 — dir.) Ve = dku Ve (D

Applying summation operator in (1) to both sides by vary-
ing phase “k” from A to C, the subsequent relationships are
formed for a balanced three-phase ac system, i.e., Vi, +
Ven + Ven =0

C
Z Vin =
k=A

C
Vb Y dia 2)
k=A

\%Ye Zf:A dxn
—=

Equation (3) provides the voltage difference between neu-
tral point and dc-link negative terminal, which is the common
coupling term among the three input voltages of the ac—dc con-
verter. The voltage between the leg-midpoint and the negative
dc-link terminal is 0 or Vp, depending on whether the corre-
sponding lower leg switch is ON or OFF, respectively. Therefore,

Van = (3)
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the switching average of the voltage across the leg-midpoint
of “k”th phase to the negative terminal of dc link, i.e., Vi1
would be dyi V. Hence, for any decoupled ac/dc converter,
the following relationship could be written:
diy,
— +dixuVpe. 4
g T dknVbe (4)
Applying summation operator to both sides of (1) and by
varying phase “k” from A to C, the subsequent relationships are
formed for a balanced three-phase system, i.e., Vi, + Vpn +
VCn =0

Vaw + Vax = L

C C
o d
n n n n =L— ) \% b d
(Van-+ Vi + Vou)+ 8Vay = L (lgzk>+ DcZ;1 ki

)

oAV + Voo X 4din
; .

In a conventional linear feedback-only control with Sine-
PWM technique, the instantaneous sum of all the duty modula-
tion signals, generated from three outputs of inner-loop current
compensators have 120° phase difference and, hence, add up to
0. This implies the presence of nonzero third and higher order
harmonics in the inductor voltages and input currents

‘/nN = (6)

3Van = VL,g cos(3wt) =+ Z VL,h- (7)

h=5,7,..

Therefore, in order to eliminate the undesired third and higher
order odd harmonics from the inductor current and inductor
voltage waveforms, an additional duty ratio of “x” needs to
be added to each of the current loop compensators’ outputs,
which can potentially nullify the effect of V,x on the input line
currents and inductor voltages. Hence, to eliminate the inductor
voltage harmonics, the value of “x” should be Vix/Vpe, i.e.,
2 = (dang + dpn + dcu)/3,asimplied from (6). Thus, using
(1), the modified reference duty ratio of any switch is derived in
discrete time domain as follows:

d [Tl] _ ‘z(n + ‘/nN [’I’)] _ ‘7kn
K VDC,ref VDC,ref
S dyu[n—1]
k=A,B,C DC
: . 8)
3 VD et (

For example, in the case of phase “A” voltage, the final duty
ratio could be formulated as follows:

VAn [TL} + ‘/;]N [TL]

dan[n] = Voo = K sin(wnTy)
> digln—1]
i=A,B,C VDC (9)
3 VDC,ref

where Vj,[n] = Vsin (wnTy) and K = V/Vpc yer. The first
term in (9) denotes the phase “A” current compensator’s (PI
controller) output, and hence, the final duty reference is gener-
ated by the addition of the current controller’s output and the
additional common mode duty term.
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Fig. 3. Block diagram for the proposed control of a three-phase boost PFC.

Thus, the excess duty ratio term is injected additionally to
each phase-current controller (PI-type) output to improve the
power factor (PF). In order to eliminate four state variable mea-
surements, used in the calculations of duty ratio derivations,
it is required to estimate those using the converter dynamics
and detailed time-domain modeling by maintaining the same
method for control variable calculations. Detailed mathematical
modeling of the three-phase boost PFC and the derivation of
four estimated state variables are established in the following
section.

B. Proposed Sensorless Control Algorithm

The control strategy aims at generating sinusoidal input cur-
rents to be exactly in phase with the input voltages, regulating
the dc-link voltage at its reference value and maintaining a
good input power quality. The proposed control logic, shown in
Fig. 3, uses the information of dc-link voltage only and esti-
mates the variation of other four state variables of the system.
It overcomes the limitations of the conventional linear average
current control in terms of control bandwidth and sensitivity
to noise and also mitigates the observability problem at some
extreme operating points in some methods [20]-[21]. In order
to estimate the rest of the state variables, the time-domain math-
ematical equations governing the dynamics of the converter are
used extensively, and thus, small-signal perturbation analyses
are applied in order to determine the variation of each state vari-
able from its previous operating point. Therefore, prior to per-
forming perturbation analysis, it is useful to establish a thorough
mathematical modeling of the converter through instantaneous

time-domain relationships among all the state variables. The
following parts of this section derive the method to estimate the
unknown state variables from sampled value and ripple amount
in the dc-link voltage. In addition, the DSP implementation with
detailed time complexity of the proposed algorithm is presented
in this section. In the following analyses throughout, in any dis-
crete time-domain equation, any variable “x” denotes x(n), i.e.,
its value at “n”th sample, if not specified exclusively.

1) Mathematical Modeling of the Converter: In a three-
phase boost PFC converter, there are five state variables, i.e.,
dc-link voltage, two phase currents, and two input line-to-line
voltages. Since different switching combinations would lead
to the change in instantaneous dynamics of the converter, a
switching-averaged model would be appropriate for the fur-
ther analyses and modeling. Consequently, (10)—(12) could be
formulated at different switching modes of PFC

dig di

At<10.” —2A =B 10
0.7, Vap i o + Vbe (10)
di dip
At “01_” —=A _=E 11
t“01.7, Vap i i Vbe (11)
dia dip

At“117 or “00.7, Vap = L—2 — [ =2 12
or , VaB 7 7 (12)

where the switching state of “”th phase .5; is represented as “1”
if a high-side semiconductor device of the same phase is con-
ducting and as “0” if a low-side device of the same phase is con-
ducting and as °_’, if either of the low-side or high-side device
is conducting. Therefore, using these conventions, a generalized
relationship between line-to-line voltages and switching states
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of corresponding phases is established as

dig
— L
dt dt
Similarly, the same concept could be applied to line voltage
Vac and could be obtained as
d dic

iA
— —L— — Vbe.
a 0t +(SA SC) DC

Since the above analyses are based on a particular switching
combination in a switching cycle, it is required to make an aver-
aged model over a switching cycle for estimating the unknown
state variables, and thus, the following relationships could be
formulated:

di
Vap =L @B

+(S4 — SB)Wbe. (13)

Vac =1L (14)

dig dip
= L——-L— dag — d 15
Vas i 7 + (dau — dsu)Voc (15)
dig dic
Vaec = L— — L— dag — d Vbe. 16
AC 7 pr + (dan — dcu)Voe (16)

In order to estimate the three unknown state variables in (15)
and (16) (i.e., VaB, 4, i), one of the vital conditions for any
ideal converter dynamics will be instantaneous power balancing,
which can be applied on three-phase boost rectifier, according
to

Vbe?
R

Equation (17) assumes the unity PF and lossless model of
PFC. For a balanced three-phase system with an open neutral
point, ie., Van + Vn + Voo = 0 and i, + % + i, = 0;
thus, (17) could be rewritten as

VvDC2 = R[ZA (VBn + 2VvAn) + iB (VAn + QVBn)]

Now, our aim is to estimate the small-signal changes of AV,
AVgn, Aiy, and Aip in terms of Vo and AVpc, which will
be available from the measured data. Therefore, it is required to
take a derivative of (18) with respect to time, which leads to

2VvDC mg%c = %(R[ZA (VBn + 2VvAn) + Z'B (VAn + 2VBn)])~
(19)

In the above equation, apart from Vpc, rest of the four
variables need to be estimated and in the following analyses,
these will be represented by their respective estimators, i.e.,
VAH? VBn7;A7 EB .

Adding (18) and (19) provides us the relationships, expressed
in (20) and (21), which reduces the dependence of phase-neutral
voltage by one unknown state variable. Instead of line-to-line
voltage being dependent on two phase currents, a combination
of the two subsequent equations make the phase-neutral voltage
to only be a function of the corresponding phase current

= VAniA + VBniB + VCIliC' (17)

(18)

- dia  3dan — 9 ,d;

Voo = pdia | 3dan =2 pdm (20)
dt 3
di 3dpy — 3¢ . d;

Vin = Lﬁ+ o 321:A L. Q1)

Therefore, in order to derive the estimated instantaneous value
of phase-neutral voltage, the observed perturbation in respective
phase current at each cycle needs to be estimated from any
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related governing equation. The changes in respective phase
currents are determined through the relationships obtained by
performing partial differentiation of (23) with respect to the
respective phase currents, shown in the subsequent relationships

2VDCW—_DC = R(2Vau + Vin) (22)
8ZA
oVj - -
2Vpe —= = R(2Viu + Van) (23)
823
Aiy = —2Vpealbe 24)
R(2‘7An + VBII)
) 2VpcAVbe
ANip= ———M——— 25
‘5 R(2VB11 + VAn) ( )
hence, Ai{B — (2VAH + VBH) (26)

AZ'A (QVBH + VAn)

where AVp is the dc output voltage error.

The above relation basically implies the relative change ra-
tios of the estimated phase currents in terms of the estimated
phase voltages. Equations (24) and (25) explicitly express the
estimated phase current perturbations in terms of two estimated
phase voltages. Therefore, if i A, i are known, the estimated
phase voltages can be found out using (24) and (25). Now, the
estimated changes in two phase currents would help in predict-
ing the voltage across the boost inductors, which will again
assist in estimating the phase-neutral voltages in (26) and (27).
Therefore, the perturbation in phase currents obtained from (24)
and (25) could be replaced in (22) and (23), and the following
relationships could be established:

2LVpcAVpe

VAH (n) = = =
R(QVAn(n - 1) + VBn(n - 1))Ts
C . J—
+ <dAH(n —1)— W) Vbe (27)
Vipn(n) = ~ 2LVpc AYDC
R(2Vn(n — 1) + Van(n — 1))T;
C
+ (dBH(n ~1) - —Zi:Adig (n— ”)VDC. (28)

Above two relationships basically demonstrate an interdepen-
dence between two estimated phase voltages. In the above two
relationships, let us assume

by = (dAH(n— 1) — W) (29)
ky = (dBH(n -1) - W) . (30)

Since, there are no measurements of phase-neutral volt-
ages in previous (n—I)th samples, the estimation at nth sam-
ple is not feasible unless there is a known perturbation on the
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corresponding phase voltage. Therefore, small-signal variation
of phase voltage with other state variables is useful information
and could be obtained through performing partial differentia-
tion of (18) with respect to phase voltages. This mathematical
operation would lead to the following relationships:

2Vhc Ve = R(2i4 +ip)0Van = R(2ip +i4)0Vsa
= R[(Van + 2V3,)0ig]
= R[(Vin + 2Vian)0i4] (31)
AVy, _ 1+ QAZB/AL; 32)
AVBH 2+ AiB/A%A

From (26), substituting Aip / Ai, in terms of the estimated
phase voltages in (32), the following relationship could be
formulated:

Af/vAn o 5‘7An +4VBH
AVBH 4‘7An + 5‘7Bn .

(33)

The above relationship depicts interdependence between the
perturbations of estimated voltages of phases “A” and “B,” in
terms of their estimated values. Therefore, once any of the two
estimated values is known, the other can be found out from the
relationship in (33).

By combining the above relationships, any two estimated
phase voltages could be formulated by (34) and related
hyperbolically to each other

‘N/An - kl YDC _ YAn + Q‘N/Bn . (34)
Ven —k2Vbe  VBn +2Vax

To determine the estimated phase voltages individually, an-
other independent and irredundant relationship is required be-
tween them. It could be obtained from the switching averaged
current through the dc link. The average dc-link current is
the sum of currents through the top-side semiconductors, aver-
aged over a switching cycle. The corresponding relationship is
determined by

) . ) dvi Vbe
dania +dpnip + deuic =C d]zc %C (35)
dia dip ., 0*Vpe | 1 0Vpo
(dan— dCH)E +(dpn — dCH)W =C 5 o
(36)

Replacing the estimated perturbations in phase currents by
phase voltages from (35) and (36), another relationship, which
is required to predict both phase voltages, could be established
as follows:

(dau — dem)Van + (dpr —deu)Ven =X (37)
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where

X = Vpclki(dan — den) + ko (du — den)]

L 0Vpc 9*Ve
R 0t ot?

“X” represents a known voltage term, calculated from the duty
cycles, converter parameters, and measured dc-link voltage.
Since the derivatives of dc-link voltage may introduce high-
frequency noise into the system, a digital low-pass filter with a
cutoff frequency same as switching frequency (i.e., f= 100 kHz)
is applied after each operation of time derivative in the DSP im-
plementation, as shown in Fig. 3. Thus, by solving (34) and (37),
both the unknown phase voltages could be properly estimated.
The governing discrete domain relationships, which determine
estimated phase voltages, are given by (39)—(43)

+LC

(38)

2(0* — 1)Vau(n)? + (Vb [(2b — 1)k + (2 — b)ky] — 4ab)
Van(n) + (2a% — 2ak, Vo + aky Voe) = 0. (39)

Hence, the estimated phase “B” voltage can be expressed as
follows:

Viu(n) =
[=(Voc[(2b = Dky + (2 = )kz] = 4ab) + Q) 4o 4y (40)

where, see (41) as shown at the bottom of this page.

The other solution of the quadratic equation in (41) will al-
ways be negative, which is not feasible and, hence, ignored.
From (37), the final expression of estimated phase “A” voltage
can be formulated in terms of the obtained phase “B” voltage
as follows:

Van(n) = (a —bViy(n)) (42)

VCn (n) - _(VAn(n) + VBn (n)) (43)
where

= X/(dAH —dcn) “44)

b= (dpn — dCH)/(dAH ~ den) (45)

Therefore, any line transient in the input voltage would be
reflected in terms of dc-link voltage ripple and phase duty ra-
tios, which would help us in estimating the source disturbance
through (37) and (38). The converter response to the line tran-
sient is demonstrated in Section III with experimental results.
Once the phase voltage estimators are determined, the change in
respective phase currents within a sample can also be calculated
using (24) and (25). Then, the derived perturbation in phase
currents can be integrated using a discrete domain accumulator
to obtain the estimated present value of operating points. Thus,
the present samples of input phase currents can be derived as

Q =/ (Voo [(2b — 1)k + (2 — b)ks] — 4ab)?® — 8(8? — 1)(22 — 2ak; Vo + aky Vi)

(41)
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follows:

~ 1 2Vbc AV}
is(n) = is(n—1)+ = ———PC="DC
R 2‘/An(n) + VBn(n)

(40)

ipn—1)+ 1 __2VcAVbe (47)
R 2V, (n) + Van(n)

As the voltage loop PI output F' corresponds to the active
power of the converter [26], it could be assumed to be propor-
tional to V;3, / R, which is directly proportional to 1/ R assuming
a constant output voltage. From the control loop, we have the
followings:

gB (n) =

ia(n) = FViu(n)
F‘f/Bn (n)

(48)

ip(n) = (49)

Plugging the phase currents from (48) and (49) into the power
balancing relation (18), “R” can be treated in terms of “F” as

R Vhe?
2F (Van (n)” + Viu (1) + Van () Vs (n)

Thus, the load resistance R can be estimated in terms of the
measured variable, i.e., Vpc, the estimated phase voltages and
the voltage controller output, i.e., F, which directly indicates
the active power reference. As the load profile changes from
no load to full load, the value of “F” increases from O to a
full-scale constant value. Substituting the obtained expression
of “R” in (48) and (49), the load independent relationships of
the estimated currents are obtained

(50)

2,4(’11) = iA(n— 1)

4-F(‘;vAn (n)2 + VBH (n)Q + VAH (n) Bn (n)>AVDC
\%Ye [QVBH (n) + VAH (n }

(S

EB(n) = iB(n— 1)

+ 4‘F(‘?An (n)2 + VBH (n)Q + VAn(n) Bn (n))AVDC
\%Ye [QVBH (n) + VAH (TL } '

(52)

Thus, the proposed sensorless control algorithm is framed to
be generalized and independent of load power. The initial values
of the estimated phase currents are obtained by putting n = 0 in
(51) and (52) and assuming i4 (—1) = ip(—1) = 0.

During the start-up transient period, although unity PFC oper-
ation is not valid, there are four conditions, presented as follows
which are applicable for estimating the unknown variables dur-
ing this period:

1) two relationships in (20) and (21) between the estimated

phase voltages and phase currents;

2) instantaneous power balance equation in (18);

3) the output capacitor current in terms of the dc voltage and

phase currents.

Using these four relationships, the four variables, i.e., phase
voltages and phase currents could be mathematically solved and
shown in (53) and (54). Once the dc voltage ripple gets locked
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Fig. 4. PF versus output capacitor at different sampling frequencies.

within a limited band with a constant average value, the steady-
state analyses are used to control the converter and to maintain
the PFC operation

—(Vbe[(2b — 1)ki + (2 — b)ks] — 4ab)

Von(n) = 402 — 1)

(53)

Van(n) = (a — bVu(n)). (54)

The estimated currents follow the same relationship with the
phase voltages, as in steady-state analyses, as shown in (46) and
(47).

C. Robustness of the Estimation Accuracy

The accuracy of the phase voltage estimation does not solely
depends on AVpc, rather depends on the ratio of the dc volt-
age ripple and the sampling time, i.e., AVphc /ATy, as can be
seen from (21) and (22). Therefore, even if the dc-link ripple
amount is less, the same amount of estimation accuracy could be
achieved if sampling frequency is increased, i.e., T is reduced
to keep AVp ¢ /AT, unchanged. However, T has a lower limit
according to the execution time of the control logic, which is
5 ps in our case. Since PF is one of the appropriate justifica-
tion parameters for determining the estimation accuracy, a graph
plotting PF versus output capacitor at different sampling times
(obtained experimentally) is shown in Fig. 4. The PF increases
at a higher sampling frequency for a particular output capaci-
tor and the PF improves with increasing sampling frequency at
larger output capacitor. Therefore, there is less than1% degra-
dation in PF for a ten times larger capacitor, i.e., 90% reduction
in output voltage ripple.

The estimation accuracy is dependent on the sampling fre-
quency; higher sampling rate improves the accuracy. Therefore,
as long as the sampling frequency is fixed, reducing switching
frequency will not impact the estimation accuracy. However,
THD gets affected with the reduction of switching frequency.
Therefore, from the viewpoint of estimation accuracy, a PFC
with the proposed control is scalable upto a considerably low
switching frequency (as low as 5 kHz) with a sampling fre-
quency of 100 kHz, although the THD of the input currents
deteriorates to 11%, as obtained from the simulation study.

Another noteworthy concern with this control method could
be the detection of short-circuit fault at the line or load side of
the converter. In a conventional control with current sensors,
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the fault current could be instantaneously detected and action
could be taken. In case of this proposed control, the current
estimation takes one complete sampling cycle, and hence, short-
circuit occurrence would be updated with one sampling cycle
delay from the actual occurrence of fault. However, this delay
would be in the order of few microseconds, depending on the
sampling frequency. In a converter with 400 Hz ac input line and
with a program execution time (i.e., sampling time) of 10 ps,
the delay in reporting the fault would be 10 ps/2.5 ms = 0.4%
of one power cycle, which is reasonably fast for most of the
applications.

D. Parameter Uncertainty Analysis

Sensitivity analyses are performed to determine the devia-
tion of estimation accuracy with the variation of LC component
values. The phase voltage expressions in (40) and (41) as well
as the phase currents in (51) and (52) are expanded to verify
the sensitivity of the voltages and currents to LC parameters as
follows:

Van(n) = p1 + VL =11 + s1VC (55)
ia(n) = pr+@VL=ry+sVC (56)
Ven(n) = ps + @3V =13 +53V/C (57)
ig(n) = pi+q@VL=rs+sVC (58)

where p; and ¢; are independent of L and r; and s; (“i” = 1to4)
are independent of C, as can be found from the final estimation
equations of the phase voltages and currents and accordingly for-
mulated in (59), (60), and (61) shown at the bottom of the page.

Other p; and ¢;s are functions of pi, ¢, r1, and s; in
the following ways: po = Apy, o = Aqi, 19 = Ary; s9 =
Asy;ps = —bpi; r3 = —bri; g3 = qi; s3 = 5s1; ps = Aps;
qs = AQ3,' T4 = AT’3,‘ S4 = A83.

The estimation sensitivity of a variable Y with respect to a
parameter “w” is generally defined as follows, i.e., the ratio
between the relative changes of the two variables
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TABLE II
ESTIMATION INACCURACY WITH LC PARAMETER VARIATIONS

% variation in Lor C Estimation inaccuracy (%) Power factor

0% (no change) 0 0.999
5% 2.5% 0.996
10% 5% 0.995
20% 10% 0.99

Therefore, the following sensitivity relations can be obtained:

1
Selr = G = Set =8 =0 (63)

, ) ) 1
SLlA — SCLB :SLLB — 5

Se't = (64)

This analysis implies that if a +p% variation is made in L and
C values, the estimation accuracy could be affected by £p/2%.
Its impact on the PF, obtained from the simulation study, is
detailed in Table II.

Therefore, even with 20% parameter uncertainty, the PF de-
teriorates by 1%, which proves the robustness of the proposed
control.

The uncertainty in load resistance value R does not really
affect the estimation as the proposed control does not depend on
the load resistance value. This is because “R” can be treated as
a function of estimated voltages and the voltage loop controller
output as opposed to LC components, which are independent
parameters. Therefore, the control method remains unaffected
with the variation of R or any load transients.

E. DSP Implementation

The proposed control logic is digitally implemented in a float-
ing point DSP TMS320F28335. The control algorithm includes
a voltage-mode PI controller in discrete domain and estimation
of four unknown variables using the method outlined in the
earlier section. Although a conventional linear averaged current
mode control with all sensor measurements uses a voltage loop

5v _ 6Y/ Y (62) PI controller, the main difference from the proposed control lies
8w/ w in the reference current generation and estimating the feedbacks
_ . —("bel(2b— 1)k + (2 - b)ks])
b1 =T = 402 1) (59)
b/ (Vocl(@b — Dk + (2 b)ka])? + 80 — 1)(2k Vo — kaVic)
n= A2 1)
Voc ki (dan — den) + ko (dpn — den)] + & 28 + C'aza‘;?c
x (60)
(danm —dcn)
b/ (Vocl(@b — Dk + (2 b)ka])? + 8 — 1)(2k Vo — kaVic)
= A2 1)
" Voo lki (daw — dew) + ko (dpu — don)] + 5 2% 4 2 Vhe 61)

(daw — den)
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TABLE III
COMPARISON AMONG DIFFERENT CONTROL METHODS IN THE SAME DSP
CORE

Control Interrupt execution Maximum possible THD
technique time (yts) sampling frequency (kHz) (%)
Linear averaged current mode 4 ps 250 kHz 4.4%
control

Vector control with SVPWM 15 s 66 kHz 3.5%
The proposed sensorless 10 ps 100 kHz 4.3%
control

TABLE IV

KEY DESIGN SPECIFICATIONS OF THE THREE-PHASE BOOST PFC

Parameters Values Quantity
Input voltage (Viy, ) 120V

Input frequency ( fin ) 400 Hz

Output voltage reference (Vp ¢ _ref ) 400 V

Output power (Pyy¢) 22 kW

Switching frequency (fsw ) 100 kHz -
Boost inductor 400 pH 3
DC-link capacitor 100 uF (= 20 pFx5) 5
MOSFETs SiC (1.2kV/24 A) 6

of phase currents. Therefore, there is a certain difference in logic
complexity between these two methods. Using the same proces-
sor configuration, conventional averaged current mode control
takes 4 ps for computing the program execution loop, where
discrete domain implementation of three current loop PI con-
trollers consumes 60% of total execution time. On the other
hand, our proposed control logic takes 10 us for one complete
execution, where estimation of the unknown state variables and
generation of current loop references take 8.5 us, i.e., 85% of
total computation time. Therefore, there should be a minimum
time interval of 10 us between two consecutive sets of sam-
ples of dc-link voltage, assuming 100% CPU utilization in a
single-core DSP. As a result, the effective switching frequency
should be kept below the maximum sampling frequency, which
is 100 kHz in this implementation technique. Furthermore, in
order to control three-phase boost PFC, space vector PWM with
all the sensor measurements has been implemented in the same
DSP core to make a comparison of computational complexity
among different digital domain implementation methods. There
are several complicated algebraic calculations and trigonomet-
ric operators, associated with the sector determination and duty
cycle calculations in this modulation strategy. According to our
implementation method, overall control logic with Space Vec-
tor Pulse Width Modulation (SVPWM) takes 15 us for one
complete execution of interrupt loop, whereas the sector deter-
mination itself takes more than 50% of the total time. Hence, the
sampling frequency and effective switching frequency are lim-
ited below 66 kHz in a single-core DSP. Table III demonstrates
the difference in time complexity, measured power quality with
different control methodologies in a single-core DSP.

As can be seen from Table III, the prospective sensorless con-
trol method can achieve reasonably low THD and high switch-
ing frequency operation. In terms of power quality, the proposed
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Fig. 5. Experimental waveforms of the converter at 2.18 kW. (a) Vpc
=400V, iy (rms) =ip (rms) = 6.58 A, Vi, (rms) = 120V, Py, =
2.18kW. (b) Vb = 400V, igut = 544 A,i4 (rms) = 6.57A, Vi, (rms)
= 120V, Pyyt = 2.18kW.

algorithm provides comparable results as other conventionally
existing methods with an additional benefit of reducing four
sensor measurements. In order to validate and establish the su-
periority of the prospective control, the converter performance
is evaluated using the experimental results in Section III.

III. EXPERIMENTAL RESULTS

As a verification of the proposed single sensor estimation
methodology, a 2.2-kW experimental prototype of a three-phase
active boost rectifier is designed and developed. The PFC con-
verter is designed for working at nominal 120-V phase-neutral
400 Hz ac input and 400 V regulated dc-link voltage. Specifica-
tion details of some key design parameters of the converter are
listed in Table III.

The capacitor needs to be large enough to suppress the voltage
ripple [as low as 5% (A, ) of minimum dc-link voltage (V,, iy )]
caused by low-frequency line voltage and this is formulated
in (65). Also, assuming no requirement for hold-up time, the
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Fig. 6. Experimental waveforms of the converter under load transient from

2.25 to 3.15 kW at 400 Hz source frequency and Vj, = 120Vrms, Vpo =
400 V.
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Fig. 7. Experimental waveforms of the converter under input line transient

from 120 to 150 V phase-neutral rms at 400 Hz source frequency and Vpc =
400 V.

dc-link capacitance value is set at 100 uF, according to the
following equation:

Po,lnax

=——
AV 27rfin‘/;),min

0 (65)

The value of selected boost inductance is of 400 pH, which is
required per phase to limit the maximum possible ripple amount
within 5% of rms magnitude of the inductor current.

The de-link voltage is selected based on the modulation index
of the converter, which is set at 0.75, in order to avoid overmod-
ulation effect [1]. With consideration of efficiency and power
density, the switching frequency is selected at 100 kHz. The
proposed sensorless control is implemented in TMS320F28335
DSP platform (floating point) and PFC hardware is tested with
this control methodology up to 2.2 kW load power at 100 kHz
switching frequency with the specifications listed in Table I'V.

Tek Frevu
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[ L 90V 399 399 199 0.00 | —

[ 1 6.58 A 6.58 6.58 6.58 0.00 | (26 Dec 2015)

| @ Frequency  400.0 Hz 400.0  400.0  400.0  0.000 lasnns )
Fig. 8. Start-up waveforms of the converter with steady-state dc voltage

(Vbe) = 400V.

Fig. 5(a) shows the steady-state operation of the PFC con-
verter at 120-V phase-neutral rms, 400 Hz ac input, dc-link
reference of 400 V, and 2.2 kW output power. According to
Fig. 5(a), the dc-link voltage is regulated within £3 V ripple.
Fig. 5(b) shows the load voltage along with the load current for
a more accurate calculation of output power, as the load resis-
tance value might not be exactly constant due to transients and
temperature rise. Fig. 5(b) clearly demonstrates the unity PF
operation of the converter, as the input phase “A” current and
voltage are exactly in phase. The experimental results at 2.2 kW
exhibit a conversion efficiency of 98.3% and a THD of 4.3%,
which outperform the reported THD and efficiency values in
some of the existing sensorless control approaches [12], [13],
[18], [20], [32] and, hence, indicates a more improved power
quality of the converter. The efficiency matches well to the
theoretical calculations based on the loss analysis presented in
[29] and [31].

Furthermore, the converter is also tested in different load and
line conditions to check the accuracy of the proposed control
logic at variable operating conditions. A 40% step increment
in load from 2.25 to 3.15 kW is applied during a running con-
dition with nominal load, and the output voltage is settled at
its reference value within ten switching cycles, as shown in
Fig. 6. Phase current amplitude increases by 40% and maintains
a unity PFC operation during overload.

Also, during a 25% overvoltage line transient (from 120 to
150 V phase-neutral rms) applied at the input phase voltage,
shown in Fig. 7, the proposed controller is able to accurately
estimate the inductor currents and maintain the stability of the
closed-loop system with an input PF of 0.997 and a settling time
of 0.2 ms for dc-link voltage. The converter exhibits an output
voltage ripple of +0.5%, an efficiency of 98.3%, and a THD of
4.3%, both before and after the line and load transients.

Fig. 8 shows the start-up transient waveforms of the converter,
in order to evaluate the start-up performance of the proposed
control. As can be seen from the experimental waveforms, the
converter takes 10 ms (four input ac line cycles) to reach the
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Fig. 10. Estimated and original phase “A” currents.

steady state with settled-down output dc-link voltage without
any overshoot. Also, the start-up phase current is limited below
12 A, which is less than the double of its steady-state rms value.

Furthermore, in order to illustrate the accuracy of the voltage
and current estimation, the original and estimated voltage and
current of phase “A” are shown in Figs. 9 and 10. Since there is no
provision of observing the estimated values in oscilloscope (as
it is computed in the program), both the original and estimated
values in the experiment are exported to the MATLAB and
plotted. According to Figs. 9 and 10, both the estimated phase
voltage and current follow their original values very closely in
the experiment, which proves the high accuracy of estimation.

The maximum measured inaccuracy of both estimated voltage
and current is limited below 2% of their original values.

IV. CONCLUSION

In this paper, a novel, cost-effective, and reliable method-
ology to control a three-phase boost PFC rectifier using just
one voltage sensor and eliminating four other required sensors
is introduced. This control principle is developed by estimat-
ing the four unknown state variables from the present state and
ripple content of dc output voltage and detailed modeling of
converter dynamics. The proposed sensorless estimation tech-
nique enables stable operation of the converter independent of
the output load. A 2.2-kW three-phase boost PFC converter pro-
totype is built and tested under different line and load conditions
to illustrate the effectiveness of the proposed control technique.
A conversion efficiency of 98.3%, THD as low as 4.3%, output
voltage ripple less than £2% (peak-peak), and an input PF more
than 0.999 are achieved according to the test results at 120-V
rms ac line input and a regulated dc-link voltage of 400 V.
The prospective control logic also enables the converter to ex-
hibit similar performance individually at 40% overload and 25%
line overvoltage. Furthermore, owing to the fact that the prospec-
tive control algorithm is mainly framed on the basis of general
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modeling of converter dynamics, this sensorless estimation
method could be potentially implemented digitally in other PFC
topologies, with similar plant characteristics.

REFERENCES

[1] J. W. Kolar and T. Friedli, “The essence of three-phase PFC recti-
fier systems—Part 1, IEEE Trans. Power Electron., vol. 28, no. 1,
pp. 176-198, Jan. 2013.

[2] S. L. Sanjuan, “Voltage oriented control of three phase boost PWM con-
verters,” M.Sc. thesis, Dept. Energy Environ., Chalmers Univ. Technol.,
Goteborg, Sweden, May 2010.

[3] M. Narimani and G. Moschopoulos, “A new interleaved three-phase
single-stage PFC AC-DC converter,” in Proc. Annu. Conf. IEEE Ind. Elec-
tron. Soc., Montreal, QC, Canada, Oct. 2012, pp. 92-97.

[4] F. Xu, B. Guo, L. M. Tolbert, F. Wang, and B. J. Blalock, “Evaluation of
SiC MOSFETs for a high efficiency three-phase buck rectifier,” in Proc.
IEEE Appl. Power Electron. Conf. Expo., Orlando, FL, USA, Feb. 2012,
pp. 1762-1769.

[5] M. Hengchun, D. Boroyevich, A. Ravindra, and F. C. Lee, “Analysis

and design of high frequency three-phase boost rectifiers,” in Proc. IEEE

Appl. Power Electron. Conf. Expo., San Jose, CA, USA, Mar. 1996, vol. 2,

pp- 538-544.

V. Blasko and V. Kaura, “A new mathematical model and control of a

three-phase ac-dc voltage source converter,” IEEE Trans. Power Electron.,

vol. 12, no. 1, pp. 116-123, Jan. 1997.

[7]1 Z.Bing, X. Du, and J. Sun, “Control of three-phase PWM rectifiers using

a single DC current sensor,” IEEE Trans. Power Electron., vol. 26, no. 6,

pp- 1800-1808, Nov. 2011.

A.Pandey, B. Singh, and D. P. Kothari, “A novel DC bus voltage sensorless

PFC rectifier with improved voltage dynamics,” in Proc. Annu. Conf. IEEE

Ind. Electron. Soc., Sevilla, Spain, Nov. 2002, pp. 226-228.

[9] T.C. Green and B. W. Williams, “Derivation of motor line-current wave-

forms from the dc-link current of an inverter,” IEE Proc. B, Electr. Power

Appl., vol. 136, no. 4, pp. 196-204, Jul. 1989.

F. Blaabjerg, J. K. Pedersen, T. Jaeger, and P. Thoegersen, “Single current

sensor technique in the dc-link of three-phase PWM-VS inverters: A

review and a novel solution,” IEEE Trans. Ind. Appl., vol. 33, no. 5,

pp. 1241-1253, Sep./Oct. 1997.

B. Andersen, T. Holmggard, J. G. Nielsen, and F. Blaabjerg, “Active three

phase rectifier with only one current sensor in the dc-link,” in Proc. IEEE

Int. Conf. Power Electron. Drive Syst., 1999, vol. 1, pp. 69-74.

W. Lee, D. Hyun, and T. Lee, “A novel control method for three-phase

PWM rectifiers using a single current sensor,” IEEE Trans. Power Elec-

tron., vol. 15, no. 5, pp. 861-870, Sep. 2000.

W. Lee, T. Lee, and D. Hyun, “Comparison of single-sensor current control

in the DC link for three-phase voltage-source PWM converters,” I[EEE

Trans. Ind. Electron., vol. 48, no. 3, pp. 491-505, Jun. 2001.

Y. K. Lo, H. J. Chiu, and S. Y. Ou, “Constant-switching frequency con-

trol of switch-mode rectifiers without current sensors,” IEEE Trans. Ind.

Electron., vol. 47, no. 5, pp. 1172-1174, Oct. 2000.

I. Ando, I. Takahashi, and K. Utsunomiya, “A simple sensorless method

for sinusoidal PWM converters,” in Proc. IEEE Power Convers. Conf.,

Nagaoka, Japan, Aug. 1997, vol. 1, pp. 241-246.

H.S.H. Chung, S. Y.R. Hui, and D. Y. Qiu, “Control of active power-factor

corrector using a single current sensor,” in Proc. IEEE Power Electron.

Spec. Conf., Galway, Ireland, Jun. 2000. pp. 577-582.

H. C. Chen and . Y. Liao, “Modified interleaved current sensorless control

for three-level boost PFC converter with considering voltage imbalance

and zero-crossing current distortion,” IEEE Trans. Ind. Electron., vol. 62,

no. 11, pp. 68966904, May 2015.

M. Pahlevani, S. Pan, S. Eren, and A. Bakhshai, “An adaptive nonlinear

current observer for boost PFC AC/DC converters,” IEEE Trans. Ind.

Electron., vol. 61, no. 12, pp. 67206729, Apr. 2014.

A. P. Finazzi, L. C. de Freitas, J. B. Vieira, and E. A. A. Coelho, “Current-

sensorless PFC boost converter with preprogrammed control strategy,”

in Proc. IEEE Int. Symp. Ind. Electron., Gdansk, Poland, Jun. 2011,

pp. 182-187.

M. Pahlevaninezhad, P. Das, G. Moschopoulos, and P. Jain, “Sensorless

control of a boost PFC AC/DC converter with a very fast transient re-

sponse,” in Proc. Appl. Power Electron. Conf. Expo., Long Beach, CA,

USA, 2013, pp. 356-360.

M. O. Laughlin, “350-W, two-phase interleaved PFC pre-regulator design

review,” TI Appl. Rep. SLUA369B, Feb. 2005.

[6

—

[8

=

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]



6492

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

H.-C. Chen, “Single-loop current sensorless control for single-phase
boost-type SMR,” [EEE Trans. Power Electron., vol. 24, no. 1,
pp. 163-171, Jan. 2009.

V. M. Lopez-Martin, F. J. Azcondo, and A. De Castro, “Current er-
ror compensation for current-sensorless power factor corrector stage in
continuous conduction mode,” in Proc. IEEE 13th Workshop COMPEL,
Jun. 10-13, 2012, pp. 1-8.

T. Ohnishi and K. Fujii, “Line voltage sensorless three phase PWM con-
verter by tracking control of operating frequency,” in Proc. Power Convers.
Conf., Nagaoka, Japan, 1997, pp. 247-252.

T. Noguchi, H. Tomiki, S. Kondo, and I. Takahashi, “Direct power control
of PWM converter without power source voltage sensors,” in Proc. Ind.
Appl. Conf., San Diego, CA, USA, Oct. 1996, pp. 941-946.

R. S.-Y. Hui and H. S.-H. Chung, “Voltage sensorless control of power
converters,” U.S. Patent 6 297 621, Oct. 2, 2001.

J. Rajagopalan, F. C. Lee, and P. Nora, “A general technique for deriva-
tion of average current mode control laws for single-phase power-factor
correction circuits without input voltage sensing,” IEEE Trans. Power
Electron., vol. 14, no. 4, pp. 663-672, Jul. 1999.

S. M. Park, Y. D. Lee, and S. Y. Park, “Voltage sensorless feedfor-
ward control of a dual boost PFC converter for battery charger applica-
tions,” in Proc. IEEE Energy Convers. Congr. Expo., Phoenix, AZ, USA,
Sep. 2011, pp. 1376-1380.

A. Mallik and A. Khaligh, “Control of a single-stage three-phase boost
power factor correction rectifier,” in Proc. IEEE Appl. Power Electron.
Conf. Expo., Long Beach, CA, USA, Mar. 2016, pp. 54-59.

R. W. Erickson and D. Maksimovic, Fundamentals of Power Electronics,
2nd ed. New York, NY, USA: Springer Science + Business Media, 2001.
A. Mallik and A. Khaligh, “Comparative study of three-phase buck,
boost and buck-boost rectifier topologies for regulated transformer rec-
tifier units,” in Proc. IEEE Transp. Electrif. Conf. Expo., Dearborn, MI,
USA, Jun. 2015, pp. 1-6.

A. Mallik and A. Khaligh, “DC link voltage sensorless control of a three-
phase boost power factor correction rectifier,” in Proc. IEEE Transp. Elec-
trif. Conf. Expo., Detroit, MI, USA, Jun. 2016, pp. 1-6.

H. Wang, S. Dusmez, and A. Khaligh, “Maximum efficiency point tracking
technique for-based PEV chargers through variable DC link control,” IEEE
Trans. Ind. Electron., vol. 61, no. 11, pp. 6041-6049, Nov. 2014.

A. Khaligh, A. Rahimi, and A. Emadi, “Negative impedance stabilizing
pulse adjustment control technique for DC/DC converters operating in
discontinuous conduction mode and driving constant power loads,” IEEE
Trans. Veh. Technol., vol. 56, no. 4, pp. 20052016, Jul. 2007.
A.Hasanzadeh, O. C. Onar, H. Mokhtari, and A. Khaligh, “A proportional-
resonant controller-based wireless control strategy with a reduced number
of sensors for parallel-operated UPSs,” IEEE Trans. Power Del., vol. 25,
no. 1, pp. 468-478, Jan. 2010.

A. Khaligh, J. R. Wells, P. L. Chapman, and P. T. Krein, “Dead-time
distortion in generalized selective harmonic control,” IEEE Trans. Power
Electron., vol. 23, no. 3, pp. 1511-1517, May 2008.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 8, AUGUST 2017

Ayan Mallik (S’14) received the B.Tech. and
M.Tech. degrees (under five years dual-degree pro-
gram) in electrical engineering from the Indian Insti-
tute of Technology (IIT), Kharagpur, India, in 2014.
He is currently working toward the Ph.D. degree in
the Electrical and Computer Engineering Department
at the University of Maryland, College Park, MD,
USA.

His present work broadly focuses on the design of
power conversion systems inside the more-electric-
aircrafts. His major research interests include mod-
eling and control of power electronic converters (ac—dc, dc—ac, dc—dc), EMI
reduction techniques in power converters, power electronic topologies for
medium-high power applications, and nonlinear control techniques in power
converter applications.

.

Alireza Khaligh (S’04-M’06-SM’09) is an Asso-
ciate Professor in the Electrical and Computer En-
gineering (ECE) Department and the Institute for
Systems Research at the University of Maryland
(UMD). His major research interests include model-
ing, analysis, design, and control of power electronic
converters for transportation electrification, renew-
able energies, energy harvesting, and microrobotics.
He is an author/coauthor of more than 140 journal
and conference papers.

Dr. Khaligh is the Area Editor of the [EEE TRANS-
ACTIONS ON VEHICULAR TECHNOLOGY, an Associate Editor of the IEEE TRANS-
ACTIONS ON POWER ELECTRONICS, an Associate Editor of the IEEE JOURNAL OF
EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS, and an Associate
Editor of the IEEE TRANSACTIONS ON TRANSPORTATION ELECTRIFICATION. He
received various awards and recognitions including the 2016 Junior Faculty
Outstanding Research Award from A. James Clark School of Engineering at
UMD, 2015 Inaugural ISR Junior Faculty Fellowship from the Institute for Sys-
tems Research at UMD, the 2013 George Corcoran Memorial Award from the
ECE Department at UMD, the 2010 Ralph R. Teetor Educational Award from
the Society of Automotive Engineers, and three IEEE Transaction prize paper
awards. He was the General Chair of the 2016 IEEE Applied Power Electronic
Conference and Expo, Long Beach, CA, USA, and also the General Chair of the
2013 IEEE Transportation Electrification Conference and Expo, Dearborn, MI,
USA. He is a Distinguished Lecturer of the IEEE Industry Applications Society
and the IEEE Vehicular Technology Society.




<<
  /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 false
  /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 true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /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 true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /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 true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /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


