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ABSTRACT

In recent years, improving power factor and re-
ducing harmonics distortion of power supply used in
electrical instruments are needed. In general, a cur-
rent conduction mode boost converter is used for an
active PFC (Power Factor Correction). Especially,
an interleaved PFC boost converter is used to make
a size compact, make an efficiency high and make a
noise low. In this paper, the design method using
an Approximate 2-degree-of-freedom (A2DOF) con-
troller for a current control system and using a digi-
tal PI controller for a voltage control system is pro-
posed. The digital PI controller is designed to en-
large the control bandwidth of the voltage control
system. By this design method, the power factor can
be improved more, the input current distortion can
be made smaller and the output voltage regulation
can also be suppressed smaller. These controllers are
actually implemented on a micro- processor and are
connected to the PFC converter. Experimental stud-
ies demonstrate that the combination of the digital
A2DOF current controller and the digital PI voltage
controller are effective. And it is shown that this com-
bination is better than the one of usual phase lead-
lag compensation controllers in the power factor, the
input current distortion and the output voltage reg-
ulation.

Keywords: Interleaved PFC, Boost converter, Dig-
ital robust control, A2DOF, Micro-processor.

1. INTRODUCTION

In recent years, improving power factor and reduc-
ing harmonics of power supply used in electrical in-
struments such as servers are needed. A passive filter
and an active filter in AC lines are used for improv-
ing the power factor and reducing the harmonics [1-2].
Generally a current conduction mode boost converter
is used for an active PFC (Power Factor Correction)
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in electrical instruments. Especially, an interleaved
PFC boost converter is used in order to make a size
compact, make an efficiency high and make a noise
low.

In the PFC boost converter, if a duty ratio, a
load resistance and an input voltage are changed,
the dynamic characteristics are varied greatly, that
is, the PFC converter has non-linear characteristics.
In many applications of the interleaved PFC convert-
ers, loads cannot be specified in advance, i.e., their
amplitudes are suddenly changed from the zero to
the maximum rating. This is the prime reason of dif-
ficulty of controlling the PFC boost converter.

Usually, a conventional PI controller or an ana-
log IC controller designed to an approximated linear
controlled object at one operating point is used for
the PFC converter, but the control performances are
not so good because the input current distortion and
the output voltage regulation are comparatively large
[3-8]. Authors proposed an Approximate 2-degree-of-
freedom (A2DOF) control method of buck convert-
ers previously [9-10]. Moreover, this method was ap-
plied to PFC boost converters, and the digital con-
trol method using a A2DOF current controller and a
A2DOF voltage controller was proposed [11-12]. In
this design method, first, when the current A2DOF
controller is designed, the zeros of the controlled ob-
ject near 1 in the unit circle is canceled by one of the
poles in the model matching system in order to elimi-
nate the differentiation characteristics. Next, the pole
cancelled is used as the dominant pole for designing
the voltage A2DOF controller. The zeros of the in-
terleaved PFC boost converter (controlled object) is
very close to 1. Then if the cancellation pole is used
as the dominant pole for the voltage A2DOF con-
troller, the output voltage response is very slow, and
the voltage regulation gets very bad. So this type
voltage A2DOF controller cannot, apply to the inter-
leaved PFC boost converter.

In this paper, the digital control method using the
A2DOF current controller and the PI voltage con-
troller is proposed. The digital PI controller is de-
signed to enlarge the control bandwidth of the volt-
age control system, keeping the characteristics of the
current control system. By this design method, the
power factor can be improved more, the input current
distortion can be made smaller and the output volt-
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Fig.1: Interleaved PFC boost converter.

age regulation can also be suppressed smaller than
the usual lead-lag control method. These controllers
are actually implemented on a micro-processor and is
connected to the PFC converter. Experimental stud-
ies demonstrate that the combination of the digital
A2DOF current controller and digital PI voltage con-
troller are effective. And it is shown that this com-
bination is better than the one of the phase lead-lag
controllers in the power factor, the input current dis-
tortion and the output voltage regulation.

2. INTERLEAVEDD PFC BOOST CON-
VERTER

The interleaved PFC boost converter shown in Fig.
1 is manufactured. Fig.1, v;, is an input AC voltage,
iin is an input AC current, C;,, is a smoothing capac-
itor, V; is a rectifying and smoothing input voltage,
@1 and @2 are MOSFETs or IGBTs, L; and Ly are
interleaved boost inductances, D1 and Dy are inter-
leaved boost diodes, Cy is an output capacitor, Ry, is
an output load resistance, iy is a sum of the induc-
tor currents, vy is an absolute value of the input AC
voltage and v, is an output voltage. The inductor cur-
rent iy, is controlled to follow the rectified input volt-
age v, for improving the power factor, reducing the
harmonics and stabilizing the output voltage. Here
szloo[VAC], ‘/;:140[‘/130], Vo = 395[Vpc], L1:
L,=400[pH], Co=440[uF], the switching frequency is
fsw=35[kHz]. the sampling {requency is fs=70[kHz].

Using the state-space averaging method, the state
equation of the interleaved boost converter becomes
as follows [13]:

i i :i 7LP§0%¢} io + LLZ)
dt |vo dt C%RZ%‘O Vo 0

L 0
+{Uo |:l(’)°:| + 19 1:|}u
Co

Here p is a duty ratio. When the sum of induc-
tor currents is controlled as 1-phase, i, is i, , Rg is

Operating
Point

[V] 250
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Fig.2: The static characteristics of ps to V.

Rle/(Rl + Rg) and Lg is Lng/(Ll + Lg) (R1 and
Rs are equivalent series resistances of inductances L
and Lo, respectively). The PFC boost converter has
non-linear characteristics because this equation has
the product of the state variable v,, i, and the duty
ratio Iij.

At some operating point of eq. (1), let v,, iy, and
u, be Vi, I, and pg, respectively. Then the average
of the output voltage V; and the inductor current Is
at the operating point become as follows:

1 1
s 1 _|_ 1 R(J 1 _ ILL VL
R (2)
1 Vs
- R7L 1 — ps

The actual measurement results of the static charac-
teristics of us to Vi are shown in Fig.2. In Fig.2, it
turns out that the PFC boost converter is a non-linear
system. The static characteristics of the PFC boost
converter are changed greatly with load resistances,
and it influences the dynamic characteristics of the
PFC converter. In addition, the static characteristics
will be changed with input voltage variation

The linear approximate state equation of the PFC
boost converter using small perturbations Aiy, =i —

I , Avy = v, — Vg and Ap = p— s is as follows [13]:
(t) = Acx(t) + Beu(t) 3)
y(t) = Cex(t)
where
—LRo *(1;#;) %
P B - ]
C() RLCO C'O
Yi

o) = [t w0 = dut. =[] e = [y

From this equation, matrix A, and B, of the PFC
boost converter depend on the duty ratio ps. There-
fore, the PFC boost converter response will be
changed depending on the operating point and the
other parameter variation. The changes of the load
rL, the duty ratio us, the output voltage Vs and the
inductor current Is in the controlled object are con-
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sidered as parameter changes in eq. (1). Such the pa-
rameter changes can be replaced with the equivalent
disturbances inputted to the input and the output of
the controlled object. Therefore, what is necessary
is just to constitute the control systems whose pulse
transfer functions from the equivalent disturbances
to the output y become as small as possible in their
amplitudes, in order to robustize or suppress the in-
fluence of these parameter changes.

3. DESIGN OF DIGITAL CONTROLLERS
3.1 Discretization of controlled object

The continuous system of eq. (1) is transformed
into the discrete system as follows:

wq(k + 1) = Agwq(k) + Bau(k)

y(k) = Caxq(k) @

where

Ad = [eACT] 7Bd = |:fOT 6A6TBch} ,Cd = CC

Here, in order to compensate the delay time by A/D
conversion time and micro-processor operation time
etc., one delay (state (1) is introduced to the input of
the controlled object. Then the state-space equation
is described as follows:

I’dt(kf + 1) = Adtmdt(k) + Bdt’U(k’)

y(k) = Casrar (k) (5)

where .
d
Ay = eAeTs  gAc(Ta—La) of efTBcd'r
| O 0
—Tstd 1 ( )
<7 B.dT xz(k
Ba: = 0 ¢ ‘ rar (k) = [ }
k
E Ao

Ca=1[C. 0]=[1 0 0]

3.2 A2DOF digital current controller

The transfer function from the reference input r;
to the output y; is specified as follows:

(1+ Hy) (1+ Hy) (1+ Hs)
(z —n1;) (2 — 1)
(1 =n1;) (1= ng)

Here H; i=1,2,3 are the specified arbitrary param-
eters, ni; and no; are the zeros of the discrete-time
controlled object. This target characteristic Wr; yi 18
realizable by constituting the model matching system
shown in Fig.3 using the following state feedback to
the controlled object (5).

W:UZ(Z) =

T

(6)

v=—Fzg + Gﬂ’; (7)

Here F = [f1f2f3] and G; are selected suitably. In
Fig. 3, ¢, and gq,; are the equivalent disturbances

q. b
.\'_fj:(k_ 1 ):-'I :‘?\.:.’:( ]‘—)_Bd:“( k) i 1‘1."
WB=Canh) ai,

<1 A\.s

Fig.3: Model matching system using state feedback.
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Fig.4: System reconstituted with inverse system and

filter.

with which the parameter changes of the controlled
object are replaced.

It shall be specified that the relation of H; and Hjs
become [H1| > |H3| and Hy = ni;. Then W,/ ; can
be approximated to the following first-order discrete-
time model:

1+ H;

Wﬁyi(z) ~ Wii(z) = S+ o,

, (8)

The transfer function Wy, (2) between the equiv-
alent disturbance Qi = [gy Qyi]T to y; of the system
in Fig.3 is defined as

WQyi(Z) = [qu%(z) qum(z)] 9)

The system added the inverse system and the filter
to the system in Fig.3 is constituted as shown in Fig.4.
In Fig.4, the transfer function Ki(z) is as follows:

= 10
2714’]{121 ( )

The transfer functions between r; — y;,q, — y; and
qyi — Y; of the system in Fig.4 are given by

._1+H1 z—1+k,
Y= Z-‘r—HlZ—].-l-kZlWSl(Z)

Wsi(Z)Ti (11)

z—1+4+k, z—14+ky;
i Woyi(2)Qi (12
4 2—1+kyz— 14k Wg(2) Qy (2)Q (12)

where

1+Hs) (z—n1;
W‘;i(z) = EZ+H3 El—nifg
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Here, if Wy;(2) ~ 1 within the bandwidth needed,
then eq. (11) and eq. (12) are approximated as fol-
lows, respectively:

1+ H

i~ S 13
Y 2+ H, r (13)

P~ 21 Woui(2)Q (14)
Yi P 1 k'zz Qyi %

From eq. (13) and (14), it turns out that the char-
acteristics from r; to y; can be specified with H; and
the characteristics from Q; to y; can be specified with
k.; independently. That is, the system in Fig.4 is
an A2DOF system, and its sensitivity against distur-
bances becomes lower with the increase of k,;. If the
controller in Fig.4 is transformed equivalently, we ob-
tain Fig.5. Then, substituting the system of Fig. 3
to Fig. 5, the A2DOF digital integral type control
system will be obtained as shown in Fig.6. In Fig.6,
the parameters of the controller are as follows:

Gk,;
ki = — — ko = —
1 fl 1+H17 2 f2
k3:_f37

kis = Gik4,

3.3 PI digital voltage controller

The multiplier is added to the reference input r;
of the current control system. Let the inputs of the
multiplier be vy, and u, as shown in Fig.7. The v,
is the absolute value of the input voltage vin, and u,

% kn‘ q"
whel o [T o M50 1,
f oz ™ PRECaa®) Ai,
4 Av, )
™ Yy
R

Fig.7: Current control system added multiplier.
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Fig.8: Digital robust control system including the
A2DOF current controller and the PI wvoltage con-
troller.

is a new input. This addition is added for making the
inductor current iy, follow the AC voltage vgc.

Next, the digital PI voltage controller is added
to the input of Fig.7. Then the digital robust con-
trol system including the A2DOF current controller
and the PI voltage controller is obtained as shown in
Fig.8.

4. EXPERIMENTAL STUDIES

Experimental setup system shown in Fig. 9 is
manufactured. A micro-controller (RX) from Rene-
sas Electronics is used for the digital controller. The
digital A2DOF current controller and the PI voltage
controller were implemented on 1 micro-processor.

The A2DOF current control system is designed at
the operating point shown in Fig.2. The design pa-
rameters of the A2DOF current control system have
been determined as

Hy = —0.8 Hy = n1; = —0.9998 H3 = —0.2 k,; = 0.3 (16)

Here since no; is very large, it can be disregarded.
Then the current controller parameters become as

k1 = —0.0144013 ko = 0.000699749
ks = 0.192984 k; = 0.00283157
kri = 0.00943857

(17)

And the parameters of the PI voltage controller have
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current control system.

been determined as

kry =8 ki = 0.01 (18)
From these parameters the gain and phase character-
istics of the current control system is shown in Fig.10.
The control bandwidth about 10kHz is attained. The
gain and phase characteristics of the voltage control
system is shown in Fig.11. The control bandwidth
about 25Hz is attained. The transfer function of the
lead-lag controller is as follows:

aso + ag 2z ?
1-— bglz_l

a1 +allz™t

GZ(Z) - 1-— buz_l

! Kc (19)

The parameters of the current controller are deter-
mined as
a9 = 0.008447 a;; = —0.004863
b11 = 0.9964  ag9 = 1.089
a1 = —0.5136  boy = 0.4246
K.=60

]
3
E
£
=400
0* 0 10° 10 10* 0 ' [Hz]w*
Fig.11: The gain and phase characteristics of the

voltage control system.

The parameters of the voltage controller are deter-
mined as

a1p = 0.002509 a;; = —0.002491
bi1 =0.9999  ago =1.320

az1 = —1.083 by = 0.7627

K. =100

(21

The experiment results of the steady state at load
RL=5002 and RL=1k2 using the proposed method
are shown in Fig.12 and Fig.13, respectively. In
Fig.12, the input current waveform and the phase are
the almost same as the input voltage. Then the power
factor is 0.993. The input current waveform in Fig.13
is not distorted so greatly compared with the one in
Fig.12. It turns out that the current control system
proposed is robust. The experiment result of load
sudden change from 1k{2 to 5002 using the proposed
method is shown in Fig.14. In Fig.14, the output volt-
age variation in sudden load change is less than 5V
(1.27%). The experiment results of the steady state
at load RL=500f2 and RL=1k(2 using the phase lead-
lag control method are shown in Fig. 15 and Fig.16,
respectively. The power factor is 0.985 in Fig. 15 and
the distortion at zero crossing is seen. Therefore the
current in Fig.15 has more harmonics than the one in
Fig.12. It turns out that the proposed method is bet-
ter than the phase lead-lag method in the power fac-
tor. This is because the distortion at zero crossing is
lost in the proposed method. The input current wave-
form in Fig.16 is distorted greatly and has become a
triangular wave. It turns out that the current control
system using the phase lead-lag method is not robust
and there are many harmonics in the input current
compared with the one in Fig.13. The experiment
result of load sudden change from 1k to 500€2 using
the phase lead-lag control method is shown in Fig.17.
In Fig. 17, the output voltage variation in sudden
load change is less than 10V (2.53%) and the oscil-
lation is seen. It turns out that the output voltage
regulation of the proposed method is better than the
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Fig.14: Ezperimental result of sudden load change
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phase lead-lag control method. That is, the proposed
controller is effective practically.

5. CONCLUSION

In this paper, the design method of robust con-
troller for the interleaved boost converter combining
the digital A2DOF current controller and the digital
PI voltage controller was proposed. From experimen-
tal results, it was shown that the better characteris-
tics of the power factor, the distortion and the output
regulation were realizable by the proposed controller.
A future subject is verifying the characteristic when
the input voltage is changed.
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Fig.15: Ezxperimental result of steady state wave-
forms, at load RL=500Q using the phase lead-lag
method, PF=0.985.
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Fig.16: FEzperimental result of steady state wave-
forms, at load RL=1k wusing the phase lead-lag
method, PF=0.978.
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Fig.17: Experimental result of sudden load change
from 1kQ to 5000 using the phase lead-lag method.
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