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Modeling and Small-

Switch-Mode Rectifier With Single-Loop
Current Sensorless Control

Hung-Chi Chen, Member, IEEE, Zen-How Wu, and Jhen-Yu Liao

Abstract—The conventional multiloop control with one inner
current loop and one outer voltage loop is often applied to a single-
phase boost-type switch-mode rectifier where the output of the
voltage loop is a current amplitude signal. In the duty phase control
(DPC) proposed recently, the output of the voltage loop is a phase
signal used to generate the switching signals without current loop
and sensing current. To improve the clamped current waveform of
DPC, a single-loop current sensorless control (SLCSC) with some
nominal parameters had also been proposed to compensate for the
voltage drops across the switch, diodes, and inductor resistance. In
this paper, the effect of the differences between nominal and real
circuit parameters on the input current waveforms of SLCSC are
addressed in detail. The results are helpful in the design of SLCSC.
From the simulated and experimental results, we can find that the
output voltage is well regulated by the only voltage loop and the
input current harmonics are significantly improved.

Index Terms—AC-DC power conversion.

1. INTRODUCTION

HE USE of ac/dc conversion has increased in a wide di-
T versity of applications: power supplies for microelectron-
ics, household electric appliances, electronics ballasts, battery
charging, motor drives, power conversion, etc., which also re-
sults in the increase of input harmonic currents. Current har-
monics have a negative effect on the electrical system and sev-
eral standards have introduced important and stringent limits on
harmonics.

Switching-mode rectifiers (SMRs) are an effective means to
perform the qualified ac/dc conversion [1], [2], including input
current shaping and output voltage regulation. Among all the
power circuit topologies of SMR, the boost-type SMR, as shown
in Fig. 1, is the most popular one for its continuous current in
the boost inductors [2]. However, the qualified ac/dc functions
must be met by adequately turning on and turning off the only
controllable power switch in the boost-type SMR. According to
the control structures, the SMR controls can be divided into two
groups, where one is multiloop control [3]-[10] and the other
single-loop control [11]-[17].

In the conventional multiloop control, as shown in Fig. 1, the
inner current loop and the outer voltage loop work together to
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Fig. 1. Boost-type SMR with multiloop control.

decide the conduction ratio of the only controllable switch. The
former loop shapes input current waveform and the latter loop
regulates the output voltage, respectively. In [3] and [4], a robust
voltage control loop had been proposed to remove the effect
of voltage ripple on the current command. Several intelligent
current sampling algorithms proposed in [5] and [6] can sense
current correctly, and many feedforward current controllers [3],
[7], [8] had been used to help the current loop to obtain the large-
variation control signal. Some sensorless multiloop controls for
boost-type SMRs had been proposed in [9] and [10].

Furthermore, we can find that the output voltage loop is the
only loop in the group of single-loop control [11]-[17] and all of
them can be seen as sensorless controls, where [11]-[14] elimi-
nate the senses of input voltage and [14]—-[17] exclude the sens-
ing of current. It is noted that the inductor currents in [11]—[14]
are sensed and used in their single voltage loops. However, an es-
sential zero-current detector is necessary to ensure the inductor
current flowing at the boundary condition, which contributes to
the variable switching frequency in [11]. On the contrary, fixed
switching periods can be found in [12]-[17]. Additionally, all the
outputs of the voltage loops in [12]-[15] adjust the amplitudes
of the fixed-frequency carrier signals. Only a fixed-frequency
fixed-amplitude carrier signal is used in [16] and [17]. It is
noted that due to the digital resolution, implementing a fixed-
amplitude carrier signal is easier than a variable—amplitude in
digital signal processor (DSP)/field-programmable gate array
(FPGA) based systems.

The duty phase control (DPC) with the single voltage loop
is plotted in Fig. 2 [16], where the switching signal is obtained
from the comparison of a control signal at “—” terminal and

0885-8993/$26.00 © 2010 IEEE
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Fig. 2. Boost-type SMR with DPC [16].
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Fig. 3. Boost-type SMR with SLCSC [17].

a fixed-amplitude carrier signal at “4” terminal. The output
of voltage controller is a phase signal, instead of the current
amplitude in conventional multiloop control in Fig. 1. The per-
formance of the proposed DPC had been evaluated and demon-
strated from the simulated and experimental results in [16].

However, due to the real circuit elements, the resulting input
current returns to zero early before the zero-crossing points of
input voltage (i.e., clamped current). In order to improve the
clamped input current waveform, a single-loop current sensor-
less control (SLCSC), plotted in Fig. 3, had also been proposed
in [17] by adding two additional loops with nominal parameters
to compensate for the voltage drops across the circuit elements.
All the single-loop control methods can be summarized in
Table I.

In [17], the sensitivity of the inductance parameter had even
been studied by some simulation results. However, the follow-
ing works here show that the input current waveform can be
represented in terms of the circuit parameter and the parame-
ter error. Consequently, the effect of parameter error on input
current and the small-signal transfer function of output voltage
response can be modeled, which also leads to this paper.

In this paper, the effect of the differences between nominal
and real circuit parameters on the input current waveforms, and
the modeling and small-signal analysis of SLCSC are addressed
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TABLE I
SUMMARIZED RESULT FOR VARIOUS SINGLE-LOOP CONTROLS [11]-[17]
[11] [ [12] ) [13] | [14] | [15] | [16] | [17]
Without sensing input voltage v
Without sensing current N NN A
Without sensing output voltage R
Variable switching frequency y
Fixed switching frequency N v v v v \
Variable-amplitude carrier N v v <
Fixed-amplitude carrier N N
Without nominal circuit parameters v N v v v <
With nominal circuit parameters N

in detail. The result shows that the input current waveform of
SLCSC s highly dependent on the circuit parameter error, not on
the control parameters, whereas in multiloop control, the control
parameters dominate the input current waveforms. Addition-
ally, we understand that the parameter error would contribute
to not only a clamped current but also a nonzero current at the
zero-crossing points of input voltage (i.e., a hard-commutation
current), which are helpful in the design of SLCSC.

Simply speaking, [17] is focused on the design and devel-
opment of single-loop current control, and this paper has em-
phasized on the effect of parameter error and the small-signal
transfer function between output voltage and control signal.

The paper is organized as follows. Initially, the input current
of SLCSC is analyzed. The input current waveforms of SLCSC
can be divided into three groups: sinusoidal currents, clamped
currents, and hard-commutation currents. The model and small-
signal analysis of the case of sinusoidal currents are derived. Fi-
nally, some simulated and experimental results have been given
to illustrate the performances of the proposed SLCSC.

II. SINGLE-LOOP CURRENT SENSORLESS CONTROL (SLCSC)
A. Boost-Type SMR

As shown in Fig. 1, the power circuit of the boost-type SMR
mainly consists of a diode bridge rectifier and a boost-type
dc/dc converter. When the switch SW is turned on, the input
current flows through two rectifier diodes and the inductor L, and
returns to the source. Similarly, the input current flows through
two rectifier diodes, inductor L and diode D, and returns to the
source when the power switch SW is turned off.

Due to the boost-type topology, the inductor current must be
either positive or clamped to zero (i.e., no negative current). In
steady state, the inductor current must be periodic with each
half line cycle, and can be expressed as a sum of infinite base
current waveform iy, (t — nT/2)

n=+0o0

. . T
ir(t) = n;mun (t—nQ) (1)

where T is the period of input line cycle and
iLn (T/Q) =Ly (O) (2)

From the circuit topology shown in Fig. 1, the input current
15 1s equal to positive inductor current ¢7 and negative inductor
current —ir,, when the input voltage v = Vj, sin (wt) is positive
and negative, respectively. Therefore, the input current can be
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represented [10] by
15 (t) = sign(vs (t))ir (t) = sign(sinwt)iy, (t) 3)
where sign(e) is the sign operator and is defined as

- _J+1, whenX >0
sign(X) = { —1, when X < 0. “)

In order to model the behavior of a boost-type SMR in a

simplified way, the following assumptions are initially made.

1) Power switch SW is assumed to operate at a switching
frequency approaching infinity.

2) The small phase signal  ~ 0 in radians is assumed and it
follows that the approximations sinf ~ 6 and cosf ~ 1
can be used.

3) Abulk capacitor Cy is assumed in the power circuit, which
contributes to the steady-state output voltage V; equal to
voltage command V.

4) Both nominal sums of the conduction voltages in the loop
of “switch SW ON” and “switch SW OFF” are assumed to
be equal to V.

B. SLCSC

The configuration of the proposed SLCSC with the only volt-
age loop is plotted in Fig. 3. Like DPC in Fig. 2, the duty signal
G'p is also generated from the comparison between a fixed trian-
gle signal vy, at “+” (the inverted commas have been retained
for consistency) terminal and a control signal v, at “—" ter-
minal and the output of voltage controller is a phase signal §. To
compensate for the effect of inductor resistance and conducting
voltages on the input current waveform, the control signal veont

in SLCSC is obtained by

Vi
Vip

Vcont = V* |Sll’l (wt — )‘ — 6 |51n (wt)| _ (5)

where 7;, and L represent the nominal circuit values, and VF is
the sum of all the nominal conduction voltages.

The differences between nominal values and real values can
be represented as

ATL = fL — T (6)
AL=L-1L (7
AVe = Vg =V (3

where 77, and L are the real values in the boost-type SMR and
Vr is the sum of the real conduction voltages. With assumed
infinite switching frequency, the average duty ratio signal d over
one switching period can be represented in terms of the control
signal vcopy

Sy

=1~ Ucont - (9)

Replacing v¢ont in (9) by (5), the average duty ratio signal d

can be obtained as

OV Vi L Ve
d=1 L |sin (wt )|+9V* in (wt)| + 7

T
(10)

Then, we can write two Kirchhoff’s voltage law (KVL) equa-
tions according to the conduction state of the power switch SW

di

L% =V |sin (wt)| —igr, — Ve when SW is “ON”  (11)
dir, ) o |

L= =Vipsin(wi)| = Vi —irry, — Vi when SW is “OFF”

(12)

Multiplying (11) and (12) by the turn-ON time dT, and the
turn-OFF time (1 — d)T, respectively, yields the following av-
eraged equation:

diy,
dt
where T, is the switching period. Therefore, by substituting d in
(10) into (13) and rearranging the other terms, we can obtain the
following time-differential equations for inductor current ¢z, :
dir,
dt

L— =V, |sin (wt)| — (1 —d)V; —igrp — Ve (13)

L =V [sin (wt)| — [sin (wt — 0)| + 0 7 L |sin (wt)|

—TLiL+(VF —VF) (14)

Then, using the assumed sinf ~ 6, cosf ~1 and the
common trigonometric identity sin(4A — B) = sin Acos B —
sin B cos A, we obtain the following approximation of (14):

deL TLiL R Lsp ‘Sln (“’t)‘ - |Sln (Wt) QCOS( t>|
L +A'I"L .
JL T AL + AVp.
9 ( )|§1n(wt)\ F
(15)

Due to the assumption of small phase signal  ~ 0, the term
sin (wt)| — |sin (wt) — 6 cos (wt)| in (15) can be replaced by
Osign(sin (wt)) cos (wt)

di
L% +rrip & V0 |sign sin (wt) cos (wt)

rr + Arg

TL A A A
(Lt AL) T AV

sin (wt)]

(16)
where the function of sign(X) had been defined in (4).

C. Input Current Waveforms

As shown in (1), the steady-state inductor current is repeated
with each half line cycle and can be represented by the sum of
base currents iy, (t — n71'/2). Thus, only considering the first
half line cycle (0 ~ 7'/2) contributes to the following equalities
sign(sin (wt)) = 1, |sin (wt)| = sin (wt), and

dZLn

L
dt

+rrip, &~ Vsp0 |cos (wt) +
w

AV,
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Fig. 4. Tllustrated waveforms for: (a) sinusoidal input current, (b) clamped
input current, and (c) hard-commutation input current.

Then, solving (17) yields the base current iy, (¢) during the
first half line cycle 0 ~ T'/2

Z.Ln(t)
‘/;' 0 . . __w AV W
B 00T+ ST
+k—2—sin ay [~ cos (wt + ar) + cos ozLefﬁt)]
w

(18)

for-s(e-5)

where w(T'/2) = 7, Q1, denotes the quality factor of inductor L

wlL
QL =— =cot(ayr)
L

19)

and the factor k represents the equivalent parameter error
o LA?”L — T AL
-~ r(L+AL)

It is noted that the zero equivalent parameter error k£ = 0
implies

(20)

A’r‘L AL

TL N L ’

Due to the effects of parameter errors Ary, AL, and AVg
on (18), the operation of SMR with SLCSC can be divided into

three cases according to the input current waveforms plotted in
Fig. 4.

2y

III. SMALL-SIGNAL MODEL
A. Sinusoidal Input Current

With the condition of zero equivalent parameter error k = 0
and zero conduction voltage AVy = 0, the base current in (18)
becomes
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sinusoidal waveform

n=-+o00

i (t) ~ Z VQPLQ sin (wt — n)
- w
X t T t L.z _VSPG‘. t]
u ng u ng =3 )| = Isinwt].
(23)

From (3), the input current i, (¢) can be expressed as

is(t) ~ ‘:‘j]f sin (wt) = I, sin (wt). (24)
We can find that the input current 7, is automatically shaped
to a sinusoidal waveform in phase with the input voltage vy, as
shown in Fig. 4(a). The current amplitude I, is proportional
to the controllable phase 6. Obviously, the input power P; is
controllable by the only voltage controller in SLCSC.

The transfer function between the output voltage perturbation
AV, and the phase perturbation A¢ can be obtained from the
power balance between input power P;, output power P, and
capacitor power P . The input power P, with small perturbation
AP, becomes

V2(0+A0) V20 V2AG

Ps APS = — Sp sp )
s ah 2wL 2wL 2wl

The output power P; with small perturbation AP, can be
represented by the load perturbation A Ry, and the output voltage
perturbation AV,

(25)

(Vi + AV (V)

P AP, =
1t = R AR, R,
(V2 [ ARL\ 2ViAV;
_ @6
t R, 7 ) TR, (26)

The small perturbation AP of capacitor power can be rep-
resented by the output voltage perturbation AV,

d($(V; +AVy)?) dAV;
dt dt

The balance between the power perturbations AP, = AP +
AP, can yield the following two small-signal transfer functions
for the sinusoidal current case

APo =

~ CVd*

27)

AV VG 1
Gi(s) = Rg = 2CVieLs+2/(CR) 2
Gals) = ot Vi ] 29)

AR, CRI s+2/(CRy)

Obviously, the behavior of output voltage can be seen as a
first-order model, and thus, the desired output voltage can be
well regulated by using simple plus integral (PI) type controller.
The equivalent small-signal model of SLCSC with sinusoidal
input current is plotted in Fig. 5.

Vipt . . e T
i (t) ~ | —L=sin (wt) 4 i, (0)e 2z t] [u(t) —u (t - )] B. Clamped Input Current

wlL 2

(22)
and from (2), obviously, the initial value iy, (0) in this case must
be zero. From (1), the inductor current 7; becomes a rectified

In a boost-type SMR, the inductor current must be either
positive value or zero value. Thus, when the values AVp, Arp,
and AL make the calculated base current value in (18) turning
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Fig.5. Equivalent small-signal model of SLCSC with sinusoidal input current.
TABLE II
GENERAL TRENDS OF INPUT CURRENT WAVEFORMS IN TERMS OF k AND AVp
_LArL—rLAL< _LAr - AL _ _LArL—rLAL>
r (L+AL) r (L+AL) r (L+AL)
AVp<0 Clamped input Clamped current either Hard-commutation
current or Clamped input current
AV=0 Sinusoidal current Hard-commutation
AV>0 | either Hard- Hard- input current
or Clamped input current current

from a positive value to a negative value, the real inductor current
must be clamped to zero until the arrival of the next half line
cycle, as shown in Fig. 4(b).

Due to the clamped current, the initial value of current is
also zero iy, (0) = 0. Obviously, the current in (18) will be
clamped to zero when equivalent parameter error £ < 0 and
AVEp < 0because the functions 1 — e 77" and cos o e et —
cos (wt + «v,) are positive at the end of each half line period.
The general trends of input current waveforms in terms of k and
AVF are tabulated in Table II.

Applying zero initial current iy, (0) = 0, and substituting
sinap =1/4/(1+@Q3) and cosar =Qr//(1+ Q%) into

(19), the clamped base current iz, (t) can be rewritten as

Vi 1 . QL
wz [(1 + kHQ%) sin wt — kl mn 2L coswt
ipn (t) ~ +hy 46-2222 e T [ult) — ut —t,)]
L
+ AV (e ut) — ult — t)]
L

(30)
where t. denotes the current clamping instant smaller than the
half line period 0 < t. < T/2.

Because the last term (1 — ewiTt)[u(t) — u(t —t.)] is not
a function of control signal 0, error AV has no effect on the
small-signal transfer function AV,;/A60. In order to simplify
the analysis, zero parameter error AV is assumed here in the
derivation of small-signal transfer function. It follows that from
(1) and (3), the simplified clamped input current i, .(t) can be
expressed as shown (31), at the bottom of this page.

By expressing i, .(t) as fourier series, the component I, . of
fundamental current in phase with the input voltage Vsp sin(wt)
can be expressed as

‘/.spe
wlL

Isﬁc =

Fo(k,Qr) (32)

where (33), as shown at the bottom of this page.
Then, the small perturbation A Py resulting from phase per-
turbation A now becomes

2

Vop
AP, = Fo(k,Qr) 5 5 A0,

(34)

By following the steps in (26)—(28), we can obtain the small-
signal transfer function G..(s) for clamped input current case in
terms of G (s) in (28)

Vi 1
2CV;wL s+2/(CRy)

= F.(k,Qr)Gs(s).

GC(S) = Fc(kv QL)
(35)

Obviously, small-signal transfer function G, (s) for clamped
current can be seen as G (s) with a modified factor F,.(k, Qr,).
In addition, the response AV due to the load perturbation ARy,
is the same as (29) because the equivalent parameter error only
contributes to the input power perturbation.

However, in the former two cases of sinusoidal input current
and clamped input current, both the initial values of repeated cur-
rent are zero, and thus, the current commutation operates at zero
current and can be regarded as soft-commutation operations.
However, in the following case, the current commutation oper-
ates at nonzero current and must be seen as a hard-commutation
operation.

1 k:il sin wt t r t—1 r
< + 1+Q%)blnw [u( —n2>—u< — C—n2)]

0 o= T T

is.c(t) = ‘:}’L 2 —k:l —16—222% cos wt [u (t — n2) —u <t —t, — n2>} 31

= " . . ( ) t) 7_;1‘,;2“'1'/2 ¢ T ; y T

ign (sin L —n— | — —t, —n—

o %s en (sinwt)e U ng U ng

1 2t. 1 . 1— 2wt
<1 + k1—|—622> (T — 27 Sin 2wtc> — kl _?222 C;)S W
™ T

F.(k,Qr) = v 5 (33)

T (1+Q7)

wte

_ute _
(Qr — Qp cos wtee i —sin wi.e o)
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C. Hard-Commutation Input Current

Alternatively, the values AVg, Ary, and AL may result in a
positive inductor current at the end of each half line cycle, which
would force the current commutating from two bridge diodes to
the other ones at the zero-crossing points of the input voltage.
Substituting (18) into (2) and solving the equation yields the
initial current value of hard-commutation input current

14e a0

1—6 ar

AVp

rL

V;’pe QL

irn(0) = (36)

Substituting (36) into (18),
commutation current becomes

the base current for hard-

ZLn(
Vs 0 . Vip0
p 1+k > | sin wt — k=2 QL2 cos wt
7 L(JL ]‘+QL
Vsp9 QL 2 —Q—t+AVF
wL 1+Q31—¢ 7 I
T
X ut t—2>:|. 37

Because the constant AV /r, in (37) is not a function of
control signal 6, the parameter error AV has no effect on the
small-signal transfer function. In order to simply the analysis,
the parameter error AV is assumed to be zero here in the fol-
lowing derivation for hard-commutation current case. From (1)
and (3), the simplified hard-commutation input current % j, ()
can be expressed as shown (38), at the bottom of this page.

By expressing i, (t) as afourier series, the component I j, of
fundamental current in phase with the input voltage Vj,, sin(wt)
can be obtained as

V.0
Iy = L Fh(k Q1) (39)
where
B 1 4 Q4 1+edr
Fi(h, Q)= <1+k1+Q%) +k7r(1+¢2§)2 | e
(40)

Then, the input power perturbation A P; resulting from A6
now becomes
vaa0

2wl

AP, = F,(k,Qr) (41)

By following the steps in (26)—(28), we can obtain
the small-signal transfer function for hard-commutation
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TABLE III
SIMULATED CIRCUIT PARAMETERS

V, =155V (110V,,.)
v, =300V

f=60Hz

L=2.056mH

C, =470uF

r, =0.1773Q

V=3V

S =50kHz

P, =675W (R, =133.333Q)

Input line voltage (peak)

Output voltage command

Input line frequency

Smoothing inductance

Smoothing capacitance

ESR of boost inductance

Conduction voltage

Carrier frequency

Rated power

input current

= i ’QL)QCVd*st+2/(CRL)

- Fh (kv QL)Gs(S)

Obviously, small-signal transfer function G, (s) for clamped
current can be seen as G (s) with a modified factor Fj, (k, Qp.).
However, we can find that in the former two cases, all the bridge
diodes turn off with zero current switching (ZCS), but in this
case, the bridge diodes turn off with a nonzero current, which
would contribute to excess loss and reduce the overall efficiency.
In addition, the sudden current change would also result in larger
current harmonics than in the former two cases.

Gh (8)

(42)

IV. SIMULATIONS

In this section, we begin with a series of computer simula-
tions to demonstrate the results of analysis. All simulated circuit
elements are listed in Table III, and a simple PI controller is used
as the only voltage controller to adjust the phase signal.

A. Sinusoidal Input Current

By choosing the nominal parameters equal to the real ones
(i.e., AVg = Ar;, = AL = 0), the simulated input currents and
output voltages under various output power are shown in Fig. 6,
respectively. We can find that the output voltage is well regulated
to the voltage command V = 300 V and the sinusoidal input
currents are in phase with the input voltage. Therefore, the pro-
posed SLCSC can obtain high-quality ac/dc performance with
only one voltage loop.

Additionally, substituting the simulated parameters in Table I1
into the equivalent model (28) yields the following s-domain

T

(ret) o) (0]

n=+oo
V0

is,h(t)

. Q
wL 1+ Q%

+sign(sin wt)k

n=—

Qr 2

cos wt [u (1= ) —U(t—z‘”g)L

(38)

e L

1+QL1—€ ar
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306/ [

300V ko

204 F -

Fig. 6. (a) Simulated input voltage and input current. (b) Output voltage under
various load conditions.

2.75°% |-

2.65°

Fig. 7. Output voltage response due to the step change of phase signal.

transfer function where the phase signal is in radians

109915

e TRCR

(43)

The response of the output voltage V; due to the step change
of phase signal Af = 0.2° is plotted in Fig. 7, where the transfer
function in (43) is also included for comparison. We can find
that the behavior of (43) is close to the average value response
of the simulated output voltage V;;, which also demonstrates the
developed equivalent model in Fig. 5.

B. Clamped and Hard-Switching Input Currents

In order to understand the effect of parameter error, several
current waveforms are plotted in Fig. 8, where the used nom-
inal values are tabulated in Table IV. Cases (i) and (ii) yield
the same value £k = —0.5 from (19), and thus, contribute to the
same clamped current waveforms shown in Fig. 8(a). Likewise,
cases (iii) and (iv) have the same value k£ = 0.25 from (19),
and thus, they contribute to the same hard-commutation current
waveforms in Fig. 8(b). Fig. 8(c) and (d) plots the input current
waveforms corresponding to the overcompensation AVy > 0
and undercompensation AVp < 0 of conduction voltages,

respectively.
C;ase (vii) is a special case where zero nominal values 7y =
0, VFp =0 (i.e., k = —1) are used and longer time of clamped

current can be found in Fig. 8(e). In fact, SLCSC with zero
nominal values in Fig. 3 can be seen as DPC in Fig. 2. However,
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(e
Fig. 8. Simulated input currents with various nominal values tabulated in
Table IV.
TABLE IV
SIMULATED CASES FOR VARIOUS NOMINAL VALUES
Simulation Experiment

() 7 =0.5r, L=L,Vp =V, k=05, Fig. 8(a)
(i) L=2L, #,=r,, Vp=Vp AV, =0
(i) 7, <1257, Ve =V L=L | g _025, AV, =0 | Fig. 8(b)
(iv) L=08L, f,=r,, Ve =Vy
W E=L,}=r, V=11 k=0, AV >0 Fig. 8(c)
i) L=L, #,=r,,V, =05V, k=0, AV, <0 Fig. 8(d)
(vii) DPC case 7, =0, VF =0 k=-1, AV, <0 Fig. 8(e) Fig. 10(c)

all the input currents in Fig. 8 can be found stable, and SLCSC
is able to operate stably.

C. Transient Response

In order to understand the transient response of the proposed
SLCSC, the simulated waveforms of sudden load change with-
out parameter error and with parameter error are plotted in
Fig. 9(a) and (b), respectively. To meet the change of load, the
input current magnitude increases from about 6 to about 10 A
by SLCSC.
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Fig.9. Simulated waveforms during load regulation: (a) Ar;, = 0, AL = 0,
AVp =0.(b) Ary, = 0.5r,, AL = —0.5L,AVp = 0.5Vp.

In Fig. 9(a), we can find that the sinusoidal current is in phase
with the input voltage during the transient period. Although the
input current in Fig. 9(b) is clamped to zero due to the parameter
error, the output voltage is still well regulated.

D. Comments

The sinusoidal input current case is not practical because we
cannot determine the real values exactly. However, it is better to
keep in clamped current than hard-commutation current. That
is, it is preferred to select a larger nominal value of inductance
(ﬁ > L), smaller nominal values of resistance (7;, < rr), and
nominal conduction voltage (VF < VF) to operate SMR effi-
ciently with clamped input current during the design of SLCSC.

V. EXPERIMENTAL RESULTS

In this paper, SLCSC had been digitally implemented in
an FPGA-based system using Xilinx XC3S200, where the
DPC and SLCSC in [16] and [17] were implemented in DSP
TMS320F240. Due to the measurement uncertainty, it is not
easy to obtain the real values. In practice, some circuit param-
eters, such as inductance, resistance, and conduction voltages,
may have small fluctuation with the instantaneous input current.
However, we measure the parameters as exact as we can. All the
measured circuit parameters have been listed in Table III and
can be regarded as the nearly exact parameters.
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Fig. 10. Experimental input voltages and currents at 675 W. (a) For an SMR
without turning on the power switch. (b) For a DPC-controlled SMR. (c) For an
SLCSC-controlled SMR with nearly exact parameter.

Turning off the single power switch in a boost-type SMR
obtains the pulse current waveform plotted in Fig. 10(a). The
input current harmonics are tabulated in Table V, where the load
resistance is decreased to about 302 to yield the rated power
675 W. The input current is highly discontinuous and the peak
current is high up to 20 A.

Fig. 10(b) plots the input current, where SLCSC with zero
nominal values (i.e., DPC case in Table 1V) is used to turn on
and turn off the power switch to regulate the output voltage with
the rated power of 675 W. We can find that the peak value of
the clamped current decreases from 20 to about 12 A, and the
total harmonic distortion factor (THD) decreases to the half of
Fig. 10(a). However, due to the larger phase between the input
voltage and input fundamental current in Fig. 10(b) than that in
Fig. 10(a), the displacement power factor (DPF) decreases from
0.978 lagging to 0.908 leading.

Fig. 10(c) plots the input current where SLCSC with nearly
exact parameters are used to regulate the output voltage. Due
to the fluctuation of the circuit parameter with temperature and
current, the input current is not a pure sinusoidal waveform,
but is continuous. Due to the increase of DPF in Fig. 10(c), the
peak current decreases to about 10 A, the power factor increases
from 0.758 to 0.982, and THD decreases from 76.4% to 12.4%.
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TABLE V
INPUT CURRENT HARMONICS AND THE LIMITS OF IEC-61000-3-2

phase with the input voltage, thus clearly showing that the pro-
posed SLCSC also possesses good performance of regulation.

VI. CONCLUSION

In this paper, the effects of nominal parameter error on the
input current waveforms and the small-signal model for a boost-
type SMR with SLCSC have been addressed. The results also
show that the parameter errors and the quality factor of in-
ductor have a great effect on the input current waveform, and
therefore, dominate the compliance of harmonic limits, not the
control parameters. Due to the concerns of efficiency and cur-
rent harmonics, it is better to keep SMR operating with clamped

Harmonics Class A(A) |[Fig.10(a)|Fig.10(b)|Fig.10(c)

1 X 6.55 7.016 | 6.514

3 2.300 4.49 2.571 0.702

5 1.140 1.789 | 0.218 | 0.190

7 0.770 0.403 | 0.097 | 0.138

9 0.400 0.605 | 0.155 | 0.111

11 0.330 0.330 | 0.093 | 0.076

13 0.210 0.322 | 0.014 | 0.058

15 0.150 0222 | 0.045 | 0.039

17 0.132 0.163 | 0.036 | 0.033

19 0.118 0.160 | 0.005 | 0.032

21 0.107 0.098 | 0.017 | 0.027
Total Harmonic Distortion Factor | 76.4% | 36.4% | 12.4%
Power Factor 0.758 0.853 0.982
Displacement Power Factor 0'978 0'9(_)8 0'91,;5
lagging | leading | leading
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Fig. 11. Experimental waveforms when the load is suddenly changed.
(a) From 450 to 675 W. (b) From 675 to 450 W.

Because of the continuous current, less current harmonics are
found in Fig. 10(c) than those in Fig. 10(b).

All the current harmonics are tabulated in Table V, where
the harmonic limits of IEC-61000-3-2 class A are also listed
for comparison. It is noted that the input current waveform in
(18) is highly dependent on the parameter errors and the quality
factor @1 in (19), especially when zero nominal values are
included in DPC. The PI parameter of voltage loop can improve
the response, but does not dominate the compliance of the [EC-
61000-3-2 class A. Due to the absence of design optimization
in the experiment, the input current harmonics in Fig. 10(c) are
compliant to the limit of class A, but those in Fig. 10(b) are not.

To verify the dynamic performance of the proposed SLCSC
with nearly exact parameters, some waveforms are plotted in
Fig. 11 where the load condition is suddenly changed between
450 and 675 W. During the regulation, the input current is in

current than with hard-commutation current.
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