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A Predictive Switching Modulator for Current Mode
Control of High Power Factor Boost Rectifier

Souvik Chattopadhyay, V. Ramanarayanan, and V. Jayashankar

Abstract—n this paper, a new variation of current mode control v 'C':]‘fT“ecr‘l?"
for high power factor operation of boost rectifier is presented. The
general features are no input voltage sensing, no use of multiplier, Yo
and no inner loop current regulator. It therefore follows the same Ac Line V, =cC R

control structure as that of the linear peak current mode control
and the non linear carrier control. However, it implements a dif- to filter switchin ]
ferent switching law for the modulator that extends the range of ripple current £

continuous conduction mode of operation. The switching principle
of the modulator is predictive, as the actual current equals the ref- ——
erence current at the_ enq of each switching perio_d. The no. of reset
integrators required in this modulator for generation of the carrier S
waveform is two. The steady-state stability analysis of the boost
rectifier with the proposed predictive switching modulator (PSM) Carrier Generat Voltage

is presented in this paper. A low-frequency small-signal model of armer Menerator Vin l Regulator tv
the boost rectifier switched by the PSM is developed for evaluation

of the control transfer function. Experimental results on a 400-W

boost rectifier prototype are presented. Fig. 1. Power circuit of the single phase PFC boost rectifier with the
generalized control structure of the NLC, the LPCM, and the PSM.

Ve(t) Comparatol RESET

ref

Index Terms—Boost converter, boost rectifier, continuous con-
duction mode, diode bridge rectifier, NLC, PFC, PSM, steady-state
stability analysis. of an appropriate carrier the NLC controller implements

average current mode control whereas the LPCM controller
|. INTRODUCTION would generate a different carrier waveform to implement the
objective of peak current mode control.

DIODE BRIDGE rectifier followed by a boost converter is n thi h dicti itchi dul PSM) f
a typical single phase power factor correction (PFC) recti- n this paper, the predictive switching modulator ( ) for

fier. The controller of PFC should shape the input cur(ent) current mod_e control of high power factor boogt rec_tifier IS pro-
to follow the same waveshape as the input voltagg). With posed. In this strategy the duty ratio of the switch is controlled

this objective, remarkable simplification in the control structur! SU?T at\;]vay th?:tf:je_estlrtnatle:-[d mdutc;[ﬁ ' cur:jen]s \tl\rl:" be _p;r%por-
of the PFC rectifier has been achieved by carrier controllers SLH:(Pna 0 the rectiied input voltage at the end of the switching
as the linear peak current mode (LPCM) control [3] and the noH_—e”Od(TS?' The eshma’qon of the inductor current is po_55|b_le
linear carrier (NLC) [4] control. The boost rectifier power circuitMc® the input voltage is practically constant over a switching

and the general controller structure of the NLC and the LPCP)?”Od' This enables us to predict the current ripple of the subse-
are shown in Fig. 1 guent off period during the on time of the switch itself. The pre-

The inner loop current regulator is eliminated and ianﬁiCted off state ripple current can be added with the on state ac-

voltage sensing is not required in the NLC and the LPCIWaI_ current to determine the current at the end of the switching
controllers. The analog multiplier is not present because tHS”Od'

dc reference does not have to be converted into sinusoidall "€ input current waveform gets distorted in the discontin-
reference. In effect, the duty ratio of the switch is calculaté#Pus conduction mode (DCM) operation of the NLC controlled
in the LPCM or the NLC controllers by solving an equation ifpoost rectifier. The advantage of the PSM is the extended range
the modulator. One side of the equation is a certain function ® continuous conduction mode (CCM) of operation compared
the sensed current (for example average of the switch curréhthe NLC. The PSM modulator has the structure of a stan-
for the NLC) and the other side is the carrier waveform derive#fird current programmed controller with a compensating ramp
after processing the voltage regulator output. The differentitat is nonlinear. The steady-state stability condition and the

between the NLC and the LPCM is this: through the generatiétV-frequency small-signal model of the PSM switched boost
rectifier are derived by applying standard graphical and analyt-

. . _ ical methods of the current mode control. The circuit realization
Manuscript received December 31, 2001; revised August 15, 2002. Recon?- ..
mended by Associate Editor C. K. Tse. of the PSM modulator is simple because only two numbers of
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(b) instead of the inductor current, it is convenient to average the
m switch current; by carrying out integration only over the ON
,‘:fod:;‘;’iig‘;i,_g time of the switch because the switch current is zero during the
(1): LPCM rest of the period. Therefore the modulator of NLC implements
‘ the control law given by (5). For LPCM and PSM either the
flig = funct switch current or the inductor current can be sensed. It is ad-
R, = Emulator Resistance (a) current m vantageous to sense the switch current because of the simpler
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, At 8 current sense method and the direct protection of the switching
predictive current (2):NLC device. The control laws for LPCM and PSM in terms of the
trajectory  (off state slope).Ts

B R T Vg switch current are given by
actual: current

: ] R, 1 T 1 aTs v
trajectory T switching ~ di — / idt = — / iodt = d =22 5
k on_ VY ! instant < me\m\ g, av(Ts) T, J, g T, Jo s R. %)

*— switching—* mode switching ) ) vy
iod(Ts) (3): PSM 1,[dTs| =is[dTs] = = 6
period (Ts ) Proposed Predictive Switching Modulator| g[ S] Q[ ] R, ( )
. . v
© ik =ia0lia = 2 )

R

Fig. 2. (a) Generalized control objective of the carrier-based current moﬁemay be noted that the indLSJCtor current at the end of pefiod
controllers. (b) Switching laws of different types of carrier-based current mode . .
controllers. (c) Operating principle of the PSM. IS equal to the current at the beginning of the next pekiadl,

or, iy4[Ts]k = i4[0]k+1. Since that switching frequency of the
stability analysis of the PSM switched boost rectifier. Seonverteris much higher than the frequency of the input voltage
tion IV defines the range of CCM. In Section V, the derivatiot{’€ Can assume thatthe inputand the output voltages are constant
of the low-frequency small-signal model is presented leading iR switching period. Therefore, when the converter is operating

the evaluation of the control gain transfer function. Section W CC,:M the slope pfth_e turn-off cu_rrent can be predicted during
time of the switch itself. Then instead of (7), (8) can be used

gives the experimental results of the PSM switched prototy
or PSM
Vg

boost rectifier with 400 W output. v
. . o — U
ig[dTs]y = is[dTs], = - <Tg) (1—d)T,. (8)

Il. PSM . Re \ / o
Fig. 2(c) shows how the switching instant is determined in PSM.

The generalized control objective of a high power factor boogt, expression on the right-hand-side of (8) represents the pre-

rectifier can be expressed as dictive current trajectory, whose initial value(is, / R, ) +(V, —
fig) = Y9 (1) vg/L)Ts and the slope is equal to, — V;,)/L, the slope of the
R off state inductor current. In PSM the switch turns off when the

R, is the emulated resistance of the rectifier g}, ) is afunc- actual current equals the predictive current trajectory or (8) is
tion of the inductor current,. This function can be different for satisfied.

different control strategies. For example NLC implements av- We can use the boost converter continuous conduction mode
erage current mode control, so for NLC (2) is the specific e¥put to output conversion equation of (9) to replagein (8)
pression off (i, ). In the case of LPCM, this function representgy V, andd. Then we get (10) as the duty ratio control function
peak current of the inductoiy,, in every switching periods, for the PSM

as given by (3). In a switching period the current in the inductor v, =(1—d)V, )
reaches its peak at the end of the ON timiE,, of the switch g ° v

L [T igldTy) = Les(1 —d) + < 0 ) d(1—d)  (10)

flighnte =g, av(T,) = —/ igdi (2)

) ) ) Ts Jo where
flig)ipem =1igp = i4[dTy]. (3
Vo Vm

In the proposed modulator the duty ratio of the switch is con- Lrep = R = R." (11)

trolled in such a way that the inductor current becomes propor-

tional to the rectified input voltage at the end of each switchinﬁs is the current sense resistance of the converted/gnis the
period. Therefore for PSM the function &f is given by (4) Input voltage to the modulator. Under closed loop operatign
is obtained as the output of the voltage error amplifier loop. In

flig)psm = 1g[T5]- (4)  [2] and [1], the right-hand-side expressions of (5) and (6) are
Fig. 2(a) shows the generalized control objective of the bodinverted into suitable carrier waveforms by replacing the duty
rectifier. Fig. 2(b) illustrates the difference between the contréatio termd by ¢/T. Similarly the carrier wavefornd.(¢) for

objectives of: the predictive switching modulator can be expressed as
1) LPCM; L) = YO
2) NLC; R,
3) PSM. 7 (1_i)+<VoTs>i<1_i)
For a boost rectifier the switch current is equal to the inductor —ref Ts L T, T,

current during ON time of the switch. In a switching perifid foro <t <Ts. (12)
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Fig. 3. Block diagram of the carrier-based input-current-shaping controllers: .V T TS 2o 3)
1) the LPCM; 2) the NLC; and 3) the PSM. ° s LT
Ly
. . I
Fig. 3 shows the block diagram of the LPCM, the NLC and the / - Trert - (1)
PSM control schemes. The overall control scheme resembles | — M) +2)+(3) T,
that of a current mode control. In the PSM the switch is turned comp
on at the beginning of every switching period and turned off (b)
when the duty ratio is such that the condition given by (10) is )
satisfied. Fig. 4. (a) Carrier waveform of the PSM. (b) Current refereifice; and

different components of the compensating waveférgy, .

lll. STEADY STATE-STABILITY CONDITION equations define the switching characteristics of the converter

Current mode control may exhibit steady-state stabiliynder steady and perturbed state:
problem under certain operating conditions because of the . 2
presence of a local feedback in its control structure [3]. The i+ m1dTy = Irer = MydT, = Myd'T, (17
steady-state stability analysis presented in this section is %+ Vig +midiTs = Let—M,d1 T~ M,diT, (18)
graphical in nature. We have followed the same method that has ig + mo(1—d)Ts = Lies — M,dT, — M, d*1,  (19)
been used in [3] for deriving the steady-state stability condmoq + Vig1 + ma(1—dy)Ty = Leg— Mydy To— M, d2T,. (20)
for the current mode controlled dc—dc converter. The objectlve
here is to quantify the steady-state stability condition of tH&1 > 0 andm; > 0 are magnitudes of the slopes in the in-
PSM switched boost rectifier in terms of circuit parameters afictor current during turn-on and turn-off intervals of the switch
switching frequency of the converter. respectively. During the perturbatiem, andm, are assumed to

The steady-state carrier waveform, shown in Fig. 4(a), is coigmain constant because the output voltage is constant and the

figured as a function of = ¢/7%, in the standard structure of inputvoltage is a slow varying quantity. For the boost converter
m1 andmsy can be expressed as

Ie(d) = Ires + Lecomp(d) Vg (1-4a)V,
= Iyes — MyTod — M,T,d®>, foro<d<1 (13) my == (21)
where and
Vo—w vy,
VI VT, L 22)
I('om, d) = _I're d vt s
omp () ot L From (17)—(20) we can get
— 2
and , - Vi,  ml+ M, + M,(d+dl)’
M, = ;ff -7 (15) In (23), we can replace;, my, M,, M,, andI,.; by the ex-
VOS pressions of (11), (15), (16), (21), and (22), respectively, in order
My =—. (16) to obtain
The compensating wavefori,..,(t) consists of components Vi_gl =1— % (24)
of linear and nonlinear ramps, as shown in Fig. 4(&), and Vig dy + R.T,

M, are the coefficients of the linear and nonlinear ramp. Let
Vzg be the initial perturbation iy, and the perturbation in cur- Subharmonlc oscillations in the boost rectifier can be avoided
rent becomed/i,; at the end of the switching period. This isunder the following condition:
shown in Fig. 5(a). The steady-state duty rati@ iand under Vigy

Vig

perturbed condition the duty ratio changeg/toThe following <1 (25)
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Fig.5. (@) Analysis of the steady-state stability condition of the PSM switched boost rectifier. (b) Simulation result of the input current \saeefemiistortion
near the peak of the waveform due to violation of the steady-state stability condition. (c) Experimental results (the ripple is less because fitéheapacitor
C,,) show distortion in the input current verifying the analysis. Ch1: Input voltage- 230 V/div. Ch2: Input current,,, — 1.75 A/div. (d) Ch1: Input voltage
v;n. Ch2: The stability problem in the input curreniz=—is shown in expanded scale.

From (24) and (25), the steady-state stability condition for thdere,T" is the period of the line voltage waveform. Therefore
PSM switched boost rectifier in terms of circuit parameters cday equating the expressions of (29) and (30) we get

be expressed as R 2 TR 8
P — = = - M, — (31)
21, R. M2 2L 3T
R (1= 2dy). (26) whereM, is defined as
We assume that the perturbation, is small, therefore; ~ d. M, = Ug, max _ ng. (32)
In CCM the duty ratio of the switch can be expressed as ) Vo B Vo
vy Vym is the peak value of the rectified input voltage. We can also
d=(1-my), where m, = A (27)  JefineK as
By combining (26) and (27), the steady-state stability condition 2L
can be obtained as K= RT," (33)
2L
. > (2mg = 1) (28) By combining (28) and (31), the steady-state stability condition
We need to replacéie ir81 (28) by the load resistancg and of the PSM switched boost rectifier can be expressed as
other circuit parameters. For that the power bala_n_ce _condition K> Mgz <mg — M, i) ) (34)
P, = P, between the input and output of the rectifier is used 3T
2 (T2 It can be seen from (34), that the right-hand side expression
Py, = T/ Vglg, an(T,) At is maximum whenmn,, or the rectified input voltage in a line
OT/2 cycle is maximum. The condition for avoiding sub-harmonic
— E/ v, [”_9 + ( _ ”_9> UQ_T*} dt oscillations in the PSM switched boost rectifier over the entire
T Jo R Vo) 2L cycle of the input voltage waveform is given by
V2 vz . V3 T 4 4
—_gm 4 ‘gm s 'gm “s 29 _au3(1_ 2
2R, T2 2LV, 20 3x (29) K> Ksp =M, (1 37T>- (35)
V2 In Fig. 5(b), the simulation result of the input current waveform

Pout = - (30) is shown with the component values given by Table I. The dis-
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TABLE | 0.7 , 5 ‘ ‘ ‘ !
COMPONENT VALUES ' | : ! : !
0.6
Vg 220V
P 0.5
Vo 400V
Vo 2.5mH 0.4
Fs 50KHz
R 0.3
K 0.208
C 470 uF 02
_R 1200Q 01
0

tortion near the peak of the waveform is due to the violation of 0 ot 02 03 04 1\22 o6 o7 08 08 1

the steady-state stability condition given by (34). The experi-

mental result under the same operating condition is Showngg. 6. Comparison of different criticak parameters: 1J¢.,: steady-state
Fig. 5(c) (the ripple is less because of the input filter capacitetebility condition with the PSM; 2J(.,: CCM operation with the PSM; and
C;, connected at the input). The distortion in the input curreft <~ CCM operation with the NLC.

verifies the analysis presented above. In Fig. 5(d) the stability ‘

problem in the input current is shown in an expanded scale 8t < ((M,/2) — Mj}(4/3)) then the boost rectifier will
may be noted that the current distortion does not spread over @qgrate stably in the DCM. In this mode a low-frequency
entire line half cycle, instead it gradually reduces in the regidtattern will appear in the steady-state waveforn/,qfy. The

in which K > M2(m, — My(4/3)). average value af,.. ; will be negative in the DCM. The inductor
I current will not change its conduction state in every switching
IV. DCM periodT5. Instead, for a few cycles df;, in which .. > 0,

the inductor current will be continuous and in subsequent

The modulator proposed in Section Il is capable of Shapil§9vitching periods in whicll,..; < 0 the boost switch will not
the input current like input voltage as long as the basic boQsi\quct at all.

converter operates in the continuous conduction mode (CCM)pna need not avoid the DCM operation in the PSM switched
The objective of the analysis presented in this section is t0 5ot rectifier. The power stage design gets affected if it be-
termine the condition for the DCM in the PSM switched booglymes necessary to operate the rectifier in the CCM over the en-
rectifier. . ) . tireload range for best possible total harmonic distortion (THD)

In th? D,CM’ th? inductor current is zero at the beg'nn'nﬁerformance. We can find from the right-hand-side expression
of a switching period. Therefore the duty ratio of the period Ig; (40) that the maximum value ., is 0.1 in the voltage

determined by the modulator equation range0 < M, < 1. If the maximum load resistanc®, ., is

dTS ‘/01—’5 . . . . . .
Yg = Loep(1—d) + d(1 — d). (36) known for a particular application, then the des!gn coefficient
_ L _ L K = 2L/Rp,.xTs should be>0.1 for CCM operation over the
But in the DCM, (9) is no longer valid. Instead entire input voltage range (universal ac voltage application).
vy < (1 =d)V,. (37) In comparison, the NLC [2] controlled boost rectifier should

Combining (36) and (37) we get (38) as the condition for tlﬁ\sﬁar;uustf)\llo(ﬁ;; etowil\ﬁ?: rr:nCCM over the entire half cycle of the

DCM
My

K., K., and K, as functions of), are plotted in Fig. 6.
K, values are valid only in the range in which CCM operation
occurs, because such a condition has been used in its derivation.
) It can be seen from this figure as well as from (40) and (41) that

P Ts Vim  Ts o M i. (39) over the entire range d¥/, (42) holds

2L 2 2L 9" 9 3n K. <K (42)

When the PSM switched boost rectifier is in the DCly.,; < 0, p en
and the output powé’2/R) < P. The condition forthe DCM Therefore, PSM offers wider range of continuous conduction

The expression of the average pow# due to the ripple cur-
rent in the inductor (fof,..; = 0) can be obtained from (29). It
is given by

can be obtained as mode of operation compared to NLC. This can also be seen
M2 4 from Fig. 6. However, in the rang&5 > M, > 1, we find
K <K = (79 - M} @) : (40) thatK,, > K,,. In this range the rectifier will operate in the
CCM but distortion near the peak of the input current waveform

It can be concluded from (40), that K > ((M7/2) — will occur if K is not greater thark,,. It may also be noted
M3 (4/37)) the PSM switched boost rectifier remaingrom Fig. 6 that for0 < M, < 0.86, the PSM offers a wider

in CCM over the entire duration, i.eJ/2, of the line range of CCM operation in the stable operating mode compared
half cycle. However, if the load resistance is such tha&b the NLC.
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Fig. 7. Simulation results of the input voltage and the input current waveforms of the boost rectifier switched: (a) by the PSM; (b) by the NLC ecing(¢) th
v;» VOltage and the input curreit, experimental waveforms, (chl: 230 V/div, ch2: 0.3 A/div), of the PSM switched boost rectifier showing CCM operation for
the entire line cycle at the operating condition described in Table II.

The simulation waveforms of the input currdnt,) and the TABLE I
input voltage(v;,, ) with the PSM are shown in Fig. 7(a). It ver- COMPONENTVALUES
ifies that, atM, = 0.6 and K = 0.15, the CCM operation Vo I 1esv
over the entire line half cycle is possible if the boost rectifier £
is switched by the PSM. The component values are listed in Vo | 400V
Table Il. The experimental verification of the CCM operation L 2.5mH

under the same operating condition is shown in Fig. 7(c) for the Fs 50KHz

PSM switched boost rectifier. In Fig. 7(b) the simulated input K 0.15
current waveform correspond to the NLC controlled boost recti- C 470 uF
fier under identical operating condition as in Fig. 7(a). It may be R 1666 O

seen that near the zero crossings of the input current waveform —
the converter goes into DCM in the NLC controlled converteras DC) and small-signal deviations by ) on the top of the
symbol. The control structure shown in Fig. 1 is that of a current

mode controller. So the control gain transfer function is derived
in two steps [3], [6]. First, the low-frequency small-signal

In this section, we would like to develop a linear, low-fremodel of the boost converter is obtained in the standard form
guency, small-signal model of the boost rectifier switched by tlire terms of duty ratio perturbatiof as the control input. Sub-
PSM. In a line cycle, the rectified input voltagg varies from sequently the small-signal model of the modulator is derived in
0 to V,.,. Under steady-state condition the inductor currgnt order to replaceD by the perturbations in the error amplifier
is proportional to rectified input voltage, and the volt-second output voItageV and other state variablég, and I The
balance for the boost inductor occurs at every switching peristate space averaged model of the boost converter power stage

V. Low FREQUENCY SMALL SIGNAL MODEL

T,. is given by [5]. We have used that model at the dc operating
However, the instantaneous input powefi, equals the point of input voltage rms

output powerV,2/ R only at the period in which rectified input d, —(1-D)

voltage isV,,,./v/2. We therefore choose this switching period at 0 1 |1 1

as the equivalent nominal operating point that represents the v, = (1- D) 1 [VJ + g (Vo]

entire line cycle for the derivation of the small-signal model. L —c RC
The variables are expressed by capital letters (nominal as well (43)
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measured A
Vg=110V | Small signal linear Vo (perturbation)
———» model of the Boost ————»  R=606 ohm

Steady state| converter Vo=300V L=2.5e-3H
input : y _ measured C=470e-6F
_Vgm “~ -~ output  (tan§=0.2
Vg= o D |lg | Vo at 120Hz)
Rs=1.980hm

Small signal linear Um (perturbation)
model of the PSM [

Vm=6.54V
~ modulator dc input
Vo(s) measured
Gv(s)= =~
Vm(s)

‘Analysis Without ESR |

Fig. 8. Schematic diagram for derivation of the small-signal linear model o

the PSM switched boost rectifier for evaluation of the control gain transfe -150- - - 2
function@, (s). The operating point for experimental verification®f (s) is 10 10 10 : 10
also mentioned. Frequency in Hz

Fig. 9. Bode plot of the control gain transfer functi6h,(s) of the PSM
where switched boost rectifier. Analysis results of the model with and without the
ESR of the capacitor and the measurement results from the Schlumberger 1250
ng frequency response analyzer instrument are plotted in the same figure for easy

Vg = ﬁ (44) comparison.

The steady-state values Bf and/, can be obtained from

Vo =¥ Carrier _
V= - I_R —» Generator Ve= IR,
1 .
V =—V 45 R = current sense resistance
*~{-D) " “9 @
\% -1 R
Ig — g9 . (46) ref " s
(1-D)’R CLK
CLK T IR ¢ Vit
ST + N
The linear small-signal model of the boost converter is obtame —J\zf\lg‘——i s LT,
by perturbing the state variables and the duty ratio input. Sinc~ N R3

our objective is to derive the control transfer functi@p(s) =

f/:(s) / ‘//;(s), the rectified input voltagd/, is not perturbed. reset integrator reset integrator i_VRV_3
Fig. 8 shows the schematic diagram of the method that hi k
been used for deriving the control transfer function of the PS} % )
switched boost rectifier (B)
dfg _(1 _ D) v, Fig. 10. (@) Carrier generator block of the PSM. (b) Circuit realization of the
— 0 _— f — PSM carrier waveform.
dt | _ L 9 L A
| = — |+ [D].
v, 1-n) -1 o 1y V. R.T V,R
C RC C 3V + L2 D+ |V, - 22| =0. (49
di 47) + { + =57 + 7 (49)

The modulator uses the inductor currefyt and the output
voltageV, for producing the duty ratio of the period accordmgNe perturb (48) and subsequently linearize the quantities to ob-

to tain the small-signal linear model of the PSM, as given by
VoR T VoR T Vo BT
Vi (1=D) + D— D?* =1,R, + -2 D [VTR R.T
(48) 2L L

R.T,

:(1—D)ﬁ+D(1—D)< )V I,R,. (50)
R, is the sense resistance of the inductor current. The steady-
state duty ratiaD can be obtainedlj is the positive real root

and less than 1) by solving We define a constanV as follows:

V,R,T, V,R,T, V,TsR, Vi R,T, R,T,
[—Vm+ g }D3+[3Vm— g ]DZ N= |2 + +2D< )—( )] (51)

2L L V,2L v, L L
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Fig. 11. Experimental modulator waveforms of the PSM switched boost rectifier. Ch1: Carrier wa¥éfgnmCh2: Sensed inductor curreiyi¢). Ch3: Switch
duty ratio pulses. (a) AV, = 0V, V;,, = 0. (b) AtV, =400V, V;,, =170V, R = 500 Q. (c) At V, =400V, V;,, =200V, R = 500 €. (d) AtV =400V,

Vin = 220V, R = 500 €2. The current sensing resistancefls = 1.98 €} and the sensed current signal is reset at the beginning of every switching cycle to
avoid generation of noise-related turn-off pulses.

We can rewrite (47) as (52) after replacibigby the expression as long as the boost converter operates in the continuous con-
of (50) and using the definition o¥ duction mode. For validation of the developed low-frequency
—~ small-signal model the operating point of Fig. 8 is chosen. The
dly component values of the experimental boost rectifier unit are
dt also indicated in the same figure.
dv, Fig. 9 shows the Bode plot of the control gain transfer func-
dt tion G, (s) thatis obtained by analysis. The measurement results
1 Ry —(1-D) D(1-D) R,T; of the control transfer function are obtained from the boost recti-
L N L N L fier experimental unit by using Schlumberger 1250 frequency-
R, -1 I, D(1- D) R,T, response analyzer (FRA) instrument. These results are placed

I

C 59 VZWN RC C V,N T, on the same figure for easy comparison. The dc input voltage
1
L

(1-D) of the modulator id/,,, = 6.54 V. It produces an output voltage
- of V, = 300V, that is the maximum voltage rating of the FRA
} (52)  channel, al, = 110 V and at load resistance & = 606 (.
- VN It can be seen that qualitatively the analysis and the measure-
° ment results match each other very closely if the ESR of the ca-
The control gain transfer function can be obtained as shownpacitor fan 6 = 0.2 at 120 Hz) is taken into consideration. This

(53) at the bottom of the page. The analytical model developedlidates our choice of rms voltage as the nominal operating
in this section is valid at any input—output and load conditiopoint in a cycle of the input voltage waveform. A closed loop

i ~ b - H%52

ols

Gy(s) = = = 53

(8) Vm(s) sz—i—s[iﬁ—LleT _{_i&]_'_[((l—D)Q){l_iDRSTS}_i_{lRSL}} ( )
RC N RC L N L C N L N R LC
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Fig. 12. Experimental results of the PSM switched boost rectifier. (a), (c), and (e}Ghinput voltage (230 V/div), Ch2I;,, input current (1.75 A/div). (b),
(d), and (f) show harmonic spectrum of the corresponding input current at: (&), @&)400 V, V,,, =220V, R = 875 £, (c), (d) Vo, = 400V, V;,, = 220V,
R =600 ©, and (e), (Vo = 400V, V;,, = 220V, R = 380 Q.

controller for the outer voltage loop can now be designed, badedp controller is concerned. However, this model has been de-
on the control transfer function given by (53), using the stamnived following the standard technique used by power supply
dard method available in linear control theory. The small-signdésigners in determining the small-signal model of a current
model of [2] is developed using power outpdtpower input mode controlled dc—dc converter. It is shown here that with
(POPI) concept [7]. The control gain transfer function of [2] iproper choice of the nominal operating point in a line cycle a
first order that can effectively be used to design the frequensgcond order model of the boost rectifier can be obtained. This
response of the voltage error amplifier. Usually for power factonodel equates the frequency response of the model in [2] in the
correction circuit the closed loop bandwidth is chosen arouhalv-frequency range. It may also be noted that the derivation of
5-10 Hz. Therefore the small-signal model developed here, exha small-signal model need not be performed manually because
though accurate for higher frequency of operation comparedgiandard computer aided design tools are nowadays available for
[2], has no added advantage so far as the design of the closathll-signal analysis of dc—dc converters.
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VI. EXPERIMENTAL RESULTS

A 400 W boost rectifier is built to experimentally verify the
PSM control method described in the previous sections of this
paper. The output voltage of the rectifier is regulated at 400 V dc.
Fig. 10 shows the circuit that generates the carrier waveform of1]
the PSM. It can be seen that two reset integrators are enough
for the generation of the carrier waveform. In comparison the[2]
NLC implementation of [2] needs an additional reset integrator
for computation of the average current of the switch.

(3]
The following equations are used to select the circuit compo-
nents
(4]
L

R Cy =— 54
1Gr=5 (54) 5

2RyCo =T, (55)
(6]

R, is the equivalent current sensing resistance anslthe in-
ductance of the boost rectifier. The modulator waveforms of the
experimental single phase boost rectifier switched by the predicm
tive switching modulator (PSM) are shown in Fig. 11(a)—(d). It
can be seen that under regulated output voltage condition the
shape of the carrier waveform changes with the variation of
the operating input voltage. In this implementation the curre
sensing resistance I3, = 1.98 2 and the sensed current signa
is reset at the beginning of every switching cycle to avoid ge
eration of noise related turn off pulses. The experimental wa
forms of the input voltage and input current at different load co
ditions are shown in Fig. 12(a), (c), and (e). The harmonic spe
trum of the corresponding input current is shown in Fig. 12(I
(d), and (f), respectively. The harmonic distortion of the inpu

422 W to 180 W.

VII. CONCLUSION

In this paper, a PSM for high power factor operation of boo
rectifier has been proposed. The modulator implements t
switching function in such a way that the actual current lies ¢
the top of a reference current profile that has the same shap¢
the input voltage waveform. This is achieved without sensi
of the input voltage and without the use of a multiplier in th

-
\

control circuit. The advantage of PSMis that it is able to extend,, . power electroni

123

W boost rectifier prototype unit. Very low THD in the input
current has been obtained over a wide range of loads.
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