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ABSTRACT

This paper describes the methodology for finding a Boost converter's linear mathematical model with active
power factor correction. The linear model obtained is stable in an open-loop and contains a zero's located in
the right half-plane. The Matlab-Simulink power electronics toolbox was used to verify that the linear model
adequately represents the system dynamics around the operating point and that the power factor is close to
unity. Otherwise, this article develops the complete model of the modulator-converter set in peak current
mode; consider the disturbance generated by variations in the input voltage. In addition, the general scheme
that allows the input current to the converter to have a sinusoidal waveform and correct the power factor is
modeled. The total mathematical model obtained from the multiplier-modulator-converter set makes possible

the design and implementation of different automatic control techniques.

Keywords: Boost Converter, Power Factor Correction, State Space Model.

1. INTRODUCTION

Power factor correction is a problem that is
becoming increasingly relevant in small and
medium-sized industries. Since their beginning,
these companies have been in residential sectors with
electrical installations that do not comply with
requirements to handle reactive power Q. Therefore,
this situation has required these companies to be
oversize the electrical power capacity of the
distribution transformers and the cable gauges used
for transmission [ 1]. One alternative to reducing such
reactive load is to interconnect capacitor banks or
synchronous motors depending on the power factor
value to be corrected [2], passive control strategies
that in most cases bring additional problems.
Another alternative is active control strategies,
which increase power factor using active electronic
circuits with feedback to change the drawn current.

In addition to the use in small industry and
medium industry, there are several possible
applications of converters with active power factor
correction - Boost type [3], such as:

- rapid charging of battery banks [4][5],

- efficient use of solar panels or renewable energy
sources [6],

- power supplies of non-linear high frequency or
power systems [7],

- LED lighting loads [8].

These applications require mathematical models
that take control signals and disturbances into
account to design control algorithms that guarantee
good performance and stability.

Within the different active control techniques of
power factor are used mixed strategies. These use
cascade AC-DC and DC-DC converters [9][10][11]
that correct the problems to handle output voltage of
the first stage using combinations of Boost and Fly-
Back converters [6] to have manageable voltage
levels at the output.

The industrial loads representing AC-DC
converters are non-linear loads [12] that generate
phase shifts regarding the input signal, and also they
bring about surges, harmonic distortion, and
electromagnetic interference [ 13]. For this reason, an
active control strategy for the power factor (PF)
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makes it possible to include these and many more
variables that achieve increased system efficiency
and lead to load significantly reduced on the energy
distribution network.

Previous works analyze converters in peak current
mode; in them, particular emphasis is made on the
design of the compensation ramp for the internal
current loop [14][15][10][16], guaranteeing the
stability of a T-periodic orbit and avoiding
subharmonic solutions.

Push-Pull, FlyBack, and Forward converters,
among others, generate significant harmonic
distortion and  electromagnetic  interference
regarding the Boost type converter and its variations.
For this reason, the Boost type converter is used for
most classical control strategies and artificial
intelligence techniques such as Fuzzy Logic [17] or
Neural Networks. Also, this type of converter allows
to increase the working frequency, make isolation
with the load, and it can be combined with a Buck-
Boost [18][4] so that with a suitable control strategy,
the total harmonic distortion (THD) can be reduced

[6][15].

Consequently, this article develops the complete
model of the modulator-converter set in peak current
mode, which considers the disturbance generated by
variations in the input voltage. In addition, the
general scheme that allows the input current to the
converter to have a sinusoidal waveform and correct
the power factor is modeled. The total mathematical
model obtained from the multiplier-modulator-
converter set makes possible the design and
implementation of different automatic control
techniques.

First, in the paper, the development of the Boost
converter model is shown, considering the
disturbance input due to input voltage variations and
the control input, which is the pulse width of the
PWM signal. Second, the modulator is modeled in
peak current mode to obtain the transfer function of
the converter output voltage versus the reference
voltage of the modulator voltage comparator. Third,
the multiplier circuit that allows the input current to
the converter to be sinusoidal waveform and in phase
with the input voltage to correct the power factor is
analyzed. Finally, the Matlab-Simulink power
electronics toolbox is used to compare the dynamics
of the electrical circuit concerning the linear model
obtained from the multiplier-modulator-converter

assembly to demonstrate that the current in the coil
is sinusoidal and that a power factor close to unity is
obtained.

2. METHODS

The drive selected to perform the active
power factor correction is the Boost topology drive
in continuous operation mode. The Boost topology
produces a higher output voltage than the input
voltage; the electronic circuit is shown in figure 1.
The converter operates in continuous mode when the
current in the inductor never reaches zero; that is, it
is maintained with a variation Air small around a
specific value. The Boost topology in continuous
mode is favorable because as input current is
continuous, it lets to have control in the current mode
in all variations of the line voltage, even zero
voltage.

Yo

([ T f

- @

Figure 1: Boost Converter

The qualities of the Boost converter are

e The voltage on the switching transistor is
never higher than the output voltage.

e The inductor at the input blocks transients
from the network, and the output capacitor
stores energy more efficiently.

e Easy handling of transistor gate activation
to ground.

Figure 2 shows the operation of the Boost
converter. When the transistor is ON, the coil stores
energy through the source and the capacitor feeds the
load with its stored energy, half-cycle a). When the
transistor is OFF, the current flows through the
diode, capacitor, and load, half-cycle b).

B ————————————
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Figure 2: Boost Converter Operating Semi-cycles

2.1 Linear Model of Boost Converter

Taking as a reference figure 2, when the
switch is ON, the v; and i, are defined, as shown in
equation 1.

dv,

°dt

Ve

R

le =

(1

However, V} is equivalent to the difference
of v; and v, when the switch is OFF, and i, also
changes, as shown in equation 2.

v, =L—
L dt

dv,

D,
Coge .

R

=i, - 2

=V =V ;i =

In a stationary state, i.e., at the equilibrium
point, the v and the i, are as shown in equation 3.
v, =V (constant) ; i, = I (constant)

(3)

Figure 3 shows the waveform of v; e i; in
the elements through time.

A Ts = Clock period ic(®)
H - Duty cicle _
v 7_‘; | _
3 & i -
vy — v - _"_7
— — ’ R — —
HTs (1-H)Ts HTs (1-H)Ts

Figure 3: Signals in Elements

The average value of v, and i, is zero in
steady-state in a switching period, from which state
equations of the non-linear system are obtained, as
shown in equation 4.

diL _ H.U,: + (1_H)(VL _V)
dt

bma-my @
T
g0y
dt c, o
v o (1-H)I
TRG,TT G

When the system is in balance, the
derivatives of the state variables are equal to zero;
then the necessary pulse width H to obtain the
desired output voltage V and the current in the
balance coil I will be as presented in equation 5.

di, v,—Q—-HV _ 7
L # —0=g=1-=2
dt L_ . % (5)
_ Zvipeak = Zleeak
v = ;=1
s s

Linearizing around the point of balance
induced by H,V and I, are obtained equation 6.
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Therefore, the output equation is shown in
equation 7.

Y 0 171|&
= +

Y, 1 0l|7;
It is important to note that the drive control

signal is the duty cycle "H", and input voltage
variations "vi ", are seen as a disturbance input.

0 01

()

0 ollg

2.2 PWM Modulator Model

The circuit converter in the mode of peak
current has two feedback loops. The external loop of
voltage keeps the output voltage constant, and it
produces the reference V,..; for the internal loop of
current, which generates the PWM signal that
controls the turning on of the transistor. The internal
loop of current transforms the coil and the switch
into a controlled current source, reducing the
system's dynamic model in one order. Furthermore,
it avoids overcurrents in the semiconductor during
supply voltage transients and loads variations
because the peak current is controlled in each
switching cycle.

Figure 4 shows the diagram of the Boost
converter with the PWM modulator circuit. At the
beginning of the switching cycle, the oscillator clock
sets the output of RS bistable to "1", which turns the
transistor on. Then, when the voltage at the sensor
resistor R; plus the compensation ramp voltage
slightly exceeds the reference voltage V,.r, the
output of the comparator changes to "1" and the
bistable changes to "0", which turns the transistor
off.

YY" N
J L1 %
"D — =z
R, lil
) +
y
+
reset +
pwm " - 174
ref
ser
S
slope m,
Clock TL]A,
0 Te 0 Ts

Figure 4: Control Mode of Boost Converter by Peak Current

A compensation ramp is required (mg)
because, without this signal, the duty cycle of the
modulator for H > 0.5 does not remain stable in case
of disturbances; the reason is that the coil discharge

time is insufficient to reach in a finite number of
cycles the initial load value of this [20]. Figure 5
shows the signals waveforms of the internal loop of
current.

L
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For each switching semi-cycle ON and A value wusually assigned for the
OFF of the transistor, an expression gets as shown in ~ compensation ramp is presented in equation 9.

equation 8. |m, |
_ me = — (9
Ai _
L.H—TS.RS = Rs-vi;
ma
(8)
LmRS = RS(UL' — V)
ma

0 H.Ts

Figure 5: Signals Waveforms of Internal Loop of Current

According to figure 4 and figure 5 above, it - _ L., HTs, = (ZL- Mg Ts + viRs. Ts) oH
can see that the voltage comparator switches every s el 2L.R;
time what is expressed in equation 10 is fulfilled.

At clearing the equation before, it gets

_ AQ Tt _ _
(1 + > )'Rs + mg. H.Tg = Vyer 10) equation 12.
v, _
Ai,* ==L H.T _ 2L
t L ° oH = 2L.m,.T, + O;R,.T, Wrer
_ - 2L.R, of
_ Vrep  (2L.mg. T, + R Ts\ 2L mg T, + OR,.T, (12)
=73 _< 2L.R )H __RH
s s T m, v 5ROV

Linearizing around the point of balance OH = Gy, - OVrer — G101 — Gy OV,

gets equation 11.
Then, the transfer function block diagram

_al al al
0l = —— 0V, + =—0v; + ——0H 11 of the modulator-converter assembly can be seen in
OVres ov; oH Figure 6.
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Figure 6: Block Diagram of Modulator-Converter Assembly
In equation 13, the general transfer
functions of blocks Gl, G2, G3, and G4 are e (6, Y
presented. Vrer () "7\ 1+6,.63
»1 (15)
Gl = VC(S) ; = VC(S) UC(S) - GVref'Gl _ 1 61
H(s) v;(s) (13) Veers) . G.G3 R, G3
G3 = i(s) . G4 = i(s)
H(s) '’ v;(s) ve(s) Ls + RQ2H — 1 - H?) ¢
Vier(s)  Co.R-Ry(H — 1)s + (2H — 2)R; ()

Therefore, in equation 14, the transfer

function —£& considering Av; = 0 by overlay is
Vyer(s)
shown.
iL(S) _ (G ) G3 GVrefG3
Vies(s) ~ V' )\ 146,63 | G,.G3 (
»1 14)

iL(S) _ GVref _ 1

Vref(s) a GI Rs

It is demonstrated that the inner loop is
transformed into a controlled current source with a

gain of Ri , i.e., if the waveform of V.. (s) is
S

sinusoidal, the current waveform will also be
sinusoidal. For the external loop of voltage, by
considering voltage variations Av; as a disturbance,
it gets equation 15.

2.3 Total Block Diagram for Power Factor
Correction

Correcting the power factor consists of
making the voltage and current signal in phase and
have the same waveform, i.e., the power network
"sees" the load is purely resistive, achieving a
unitary power factor. The input voltage to the Boost
converter is a full-wave rectified signal "unfiltered".

The resistance R, (small value) allows sensing the

current level in L, which is the same supply network
current.

Thus, in order for the current i, (t) to be
sinusoidal and is in phase with the input voltage, a
signal is generated v, from the rectified input
voltage. That signal is multiplied with the control
signal u so that the reference signal Vp,, has the

same input voltage waveform and is in phase with it.
Figure 7 shows the overall block diagram.
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The current in the coil will have the same
waveform as the input voltage, as the internal loop
of current ensures tracking. The values of L and C,
must be chosen appropriately so that the output loop
of voltage and the Al; are small; it is usually
designed so that Al, = 0.05]. Multiplying the
control signal u by v, (t) is equivalent to multiplying

the converter behaves like a low-pass filter that
blocks the passage of the fundamental frequency and
the harmonics of the rectified signal v,(t). The
average value of v, (t) is presented in equation 16.

Uxavg =

2vxpeak _ 2Kdiv- ﬁipeak

(16)

u by the average value of the signal v, (t) because n n
vipeak
E—
Rectifer Voltage divider
Kaiv vref(t)

LPF=Low Pass Filter v, (t)$—> LPF

K(s)

Controller

P Vref Ve

@

Vo

Multiplier Modulator+Converter

A.B
Urvf(t) = <

Figure 7: Total Block Diagram for Power Factor Correction

The low pass filter (LPF) extracts only the
average level of v, (t). Input "C" is the divider input
that generates feedforward control action. This input
is proportional to the average square v,(t) and
adjusts the multiplier's gain to maintain constant
voltage loop gain in the face of input voltage
variations. If the input voltage v; then decreases,
v, (t) also decreases. However, the current loop
reference voltage v, increases the input peak
current (i ,0qx) and tries to keep the output voltage
constant.

From the block diagram in Figure 7,
equation 17 is obtained.

_ U.Uygyy U u.m
ref — -

amn

2 = = =
vxavg vxavg ZKdiv- vipeak

Linearizing around the point of balance
induced by Ujpeq and the balance control signal i,
equation 18 is getting.

v,

aVref ef
6Vref = Wau + mavil,eak (18)
T %
OVrer = u —— ref Vipeak

ZKdiv- 17ipeak

Then, the linear model in the face of
variations of v; and the control signal u can be seen
in Figure 8.
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Figure 8: Voltage Loop Model
Finally, the total model of the voltage loop 3. RESULTS AND DISCUSSION

of the power factor correction converter used to
design the output voltage controller is presented in The MATLAB-Simulink power electronics
equation 19. toolbox was used to compare the dynamics of the

electrical circuit concerning the linear model, as
shown in Figure 9 and Figure 10.

Vo(s) _
U(S) 2Kdiv' 17ipeak

Gr(s) (19)

Pulses

Controlled Voltage Seurce.

n

ViRectified
Rs %

=
E mp
mp

$—
.\}_.
<
e
| B "I
a

Figure 9: Boost Converter
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Figure 10: Boost PFC vs Linear System

The design conditions can be seen in table

Table 1: Design Equations

V = 400 volts ; L V2.P L v, H.T, _R(5 - V)
P = 800 watts peak =y =T, my=—0—
& _ 2Vipeak _ |m,|
R = ? Ohms Vi = % Tvi - 1/120HZ ma = 2
_ U; _ _ _ A _
T, = 1/50KHz H= 1—7 AV, = 0.05V Vref=(1+7>Rs+ma.H.Ts
=5 v = 2 volts ;
_ 21 V.H.T,, xavg ’
v; = 168 volts peak = Zpeak =% %
weet P == Co= 3R, Kaiw = ——
iavg
_ Vipeak . - _ —
Virms = W Aip = 0.051] R; = 0.33 ohms U = Vies Vxavg
The Balance control signal is applied (i) to The system is shown to reject input peak

bring the system to the desired balance point (V) and  voltage variations (Av;p,qy); it allows the gain of the
a slight variation is generated around the equilibrium  voltage loop to be kept constant.

point to check that the dynamic response of the two

systems is similar, as shown in Figure 11 and Figure

12.
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Figure 11: Output Voltage for Au = £0.2u

Figure 13 shows the response of the internal
loop of current. The current i;(t) follows the

Output Voltage
500 Nonlinear
Linear
450
400 W
350 1
300
o
> 250
200
150 |
100
50
0
0.5 1 15 2

Figure 12: Output Voltage for Avipeqr = £0.10;peqk

reference signal obtaining a power factor close to the
unit, which is the objective of this work.

\

Vrver ()
=i (t).Rs

0.792 0.794 0.796 0.798 0.8 0.802 0.804 0.806 0.808

Figure 13: Current in the iy (t). Rg vs Vyer (t)

The PF is affected by the phase
shift between line voltage and the line
current, also by the harmonic distortion in
source current. Total Harmonic Distortion
(THD) can be obtained as shown in
equation 20.

OO_ I 2
,’ n=2'n 20
THD = —100% (20)

1

I, is the magnitude of the fundamental
frequency (60Hz) and I,, is the magnitude of the
harmonics. Calculating THD the input current signal
with a sampling frequency of 500KHz, a
THD=4.62% was obtained, as shown in Figure 14.
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Figure 14: Single-Sided Amplitude Spectrum of i, (t) for 20 Harmonics

4. CONCLUSIONS

The linear mathematical model of the Boost
converter with active power factor correction,
developed in this article, adequately represents the
system's dynamics around the point of operation.

It was demonstrated that the internal loop
of current is transformed into a controlled current
source. The linear model obtained from the external
loop of voltage is a first-order stable open-loop
system, with a zero located in the right half-plane.

The simulation results show that the
scheme used generates a power factor close to the
unit and has low harmonic distortion. The feed-
forward control rejects input voltage variations and
maintains constant voltage loop gain to improve
system stability.

The state of the art reviewed in this paper
shows that the models of the converter topologies are
generally obtained. However, the total transfer
function of the scheme used for active power factor
correction is not evident. Since the total transfer
function of the system is not available, it becomes
difficult to replicate the results and design control
algorithms for the voltage loop.

This work obtained the total transfer
function of the voltage outer loop of the multiplier-
modulator-converter set. With this model in future
works could be possible to design different control
strategies to achieve specific performance and
stability characteristics under the variation of
parameters such as system load and input voltage
variations.

(1]

(2]

(3]

This work did not design the closed-loop
control algorithm that maintains the output voltage
stable under input voltage variations and converter
load variations. Future work should analyze the
change of the total converter model with active
power factor correction under load variations to
ensure the stability of the closed-loop system.
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