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A Sliding Mode Voltage Controller and a Lyapunov-
Based Current Controller for a Bridgeless Boost PFC

S. Yari-Alghar, S. Sarmad

Abstract-- In this paper, a bridgeless boost PFC (BBPFC)
with a 2" order sliding mode controller (SMC) as a voltage
controller and a Lyapunov-based current controller is proposed.
Using a bridgeless structure leads to less power dissipation due to
the elimination of the diode bridge. Moreover, since the boost
inductor operates as EMI filter, as well, the implementation costs
and difficulties will decrease. On the other hand, a second order
SMC is used to attenuate the voltage ripples and chattering.
Since the voltage loop has no direct influence on the switching
signal, the chattering problem will be mitigated significantly and
high-frequency ripples will not appear in the gate signal of the
converter. In addition, by using a Lyapunov-based current
controller, the stability of the current controller is guaranteed.
The experimental prototype of the system is provided.
Experimental results show that BBPFC with SMC and
Lyapunov-based controllers gives satisfactory results in
improving the power quality of the input current.

Keywords: Bridgeless Structure, Lyapunov Controller, Power
Factor Correction, Sliding Mode Controller.

. INTRODUCTION

RADITIONAL AC/DC converters mainly consist of an

Electromagnetic Interference (EMI) filter, a diode bridge
rectifier, and a smoothing capacitor. The most dominant
drawbacks of these types of converters are current harmonics
and reactive power they inject to the grid. Especially in
medium and high-power applications, these two problems
might cause detrimental effects to the grid. Therefore, it is
mandatory to attenuate these harmful effects. One way to
prevent current harmonics and reactive power to be injected to
the grid is power factor correction (PFC) [1-4].

In [5], three major configurations and their derivatives for
PFC application are surveyed. According to [5], boost
converter is suitable for applications in which the output
voltage needs to be higher than the input voltage (e.g., EV
chargers). Several researches have been performed in order to
improve boost PFC operation. In [6], a 100Hz switching
scheme has been proposed for boost PFC to mitigate di/dt

and dv/dt. As a result, slow-recovery diodes could be used.
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In [7], a feedforward control method is proposed for boost
PFC that can reduce input current harmonic distortion,
especially for applications in which the current loop crossover
frequency is relatively low compared to the line frequency.
This control method is claimed to be more effective than the
existing feedback and feedforward control methods. In [8], a
predictive current control method is proposed that can operate
properly in both discontinuous (DCM) and continuous current
(CCM) modes which results into higher efficiency and lower
current distortion. In [9], a digital control scheme is addressed
for boost PFC converter that operates in DCM. It is shown that
this converter can fully compensate the current harmonics and
reactive power of the rectifier. In [10], a control scheme based
on duty ratio feedforward is proposed. This control scheme is
claimed to work properly especially in zero crossing intervals.
In [11], a predictive digital control is proposed so that the duty
cycle needed for boost PFC switch for next half period is
calculated. In addition, a feedforward component of input
voltage is utilized in the control system; Hence, the output
voltage is insensitive to the input voltage distortion.

In order to reduce input and output current ripple and the
size of EMI filter, interleaved boost converters are utilized. An
interleaved boost converter consists of two switches that
operate with 180 phase difference [12,13]. In [14], a sliding
mode digital control is proposed for an interleaved boost PFC.
This control scheme leads to a constant switching frequency
for interleaved boost PFC. Besides, the third harmonic is
mitigated because of the proportionality between the input
voltage and the average input current. In [15], a non-linear
observer is designed so that there is no need to measure the
boost inductor current anymore. Therefore, not only will the
costs be declined, but also the noises during measurement will
be avoided. In [16] a non-linear controller based on Lyapunov
theory is provided for an interleaved boost PFC. This
controller showed a robust performance under heavy
disturbance situations. Moreover, since the control scheme is
designed in the discrete domain, understanding the operation
of the controller is simple.

Sliding mode controller (SMC) is a popular controller in
performance under uncertain circumstances. However, in
order to keep the desired parameter on zero, the switching
frequency will be variable and thus, chattering will happen.
The variable switching frequency can cause some problems in
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power electronic devices [17]. SMC is especially used in
systems with uncertainties. In [18] a SMC is used in the
control system of an double fed induction generator (DFIG).
Since this controller has adaptive gains, uncertainties bounds
are not important. Moreover, implementation of this system is
possible due to the simplicity of the controller. On the other
hand, [19] performs a comparison between the operation pf
SMC and terminal SMC to control the output voltage of a
cascade DFIG and in addition, robustness of two controllers is
also examined. In [20], a SMC combined with artificial neural
network (ANN) is presented to gain the advantages of two
controllers. Using an improved PWM technique along with
SMC-ANN led to more accuracy and robustness of the
system. SMC controller is used to improve the operation of a
shunt active power filter in [21]. The authors in [21]
investigated an improved SMC which is based on state space
average modelling which resulted in fast response of the
controller and suitable compensation of shunt active power
filter. In [22], a SMC is used as current controller in a buck-
boost converter. By using this controller, a fast dynamic
response, robustness, and stability is achieved. [23] proposes a
novel maximum power point tracking (MPPT) algorithm for
PV system. This SMC-based MPPT algorithm is applied to
three different DC-DC converters and the results are
compared.

In [24], a 2™ order SMC is proposed this SM controller is
used to track the reference current in an active power filter.
According to [24], this SM controller not only results fast
dynamic response, but also ensures the stability of the system.
Besides, due to the non-linearity characteristic of this
controller, it can be used in non-linear systems such as
bridgeless boost PFC. Some other factors that make this SMC
a proper choice are simplicity in design and implementation,
natural anti-wind up characteristics and inherent adaptively set
coefficients.

In this paper, a Bridgeless Boost PFC (BBPFC) is used as
an AC/DC device. The voltage controller is chosen to be the
proposed 2" order SMC in [24] that results in high robustness
and stability. The SMC controller produces the reference peak
of the input current. Subsequently, the proposed non-linear
controller in [16] is used to track the reference current. The
main contributions of this paper are:

(&) A bridgeless structure is used and therefore, the
power dissipation can be reduced significantly since the diode
bridge has been eliminated.

2 By using a bridgeless converter, diode bridge and
EMI filter will be eliminated and therefore, the
implementation costs will be reduced. It is worth mentioning
that the boost inductor in BBPFC can also operate as an EMI
filter and therefore, there would be no need to extra inductor.
While in some structures such as boost PFC (with diode
bridge) or interleaved structures, an extra EMI filter is used.
?3) A robust 2" order SMC is used that leads to
improved stability in voltage control loop. In addition, since
the SMC controller is used in the outer loop, chattering
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phenomenon causes less damage since SMC is not generating
the control signal directly.
4 The current controller is based on Lyapunov theorem
and thus, it can ensure robustness and stability of the current
control loop.

Il. CONFIGURATION OF THE SYSTEM

Fig.1 shows the configuration of a BBPFC. It can be seen
that the diode bridge has been eliminated. V., (t) is the voltage

source which has the peak value of V_ . Inductor L is not

only the boost inductor, but also acts like an EMI filter. |, is

input current which is to be in-phase with the source voltage.
Q, and Q,are power mosfets and D, and D,are power

diodes. In the next section it will be shown that Q, and D,

with L form a boost converter in one half-cycle of the input
voltage and subsequently, and with form another boost
converter in the other half-cycle. Furthermore, is output
capacitor, is the load, and is output voltage.

DDI @D D2

Fig. 1. Block diagram of a BBPFC

I1l. STATE SPACE MODEL OF THE BRIDGELESS BOOST
CONVERTER

In this section the state space modeling of the boost
converter will be expressed. Fig.2 shows the current path of
the BBPFC in each operation area. In the first half-cycle of
input voltage (Fig.2 a), when Q, is ON, L is charging through

Q, and reverse diode of Q,. When Q, goes OFF, just similar
to a casual boost converter, D, starts conducting and charges
C,. Fig.2 (a) indicates this operation. The blue arrows show

the current path of the voltage source which are valid
regardless of the state of Q,. The green arrows are current path

when Q, is ON and the yellow arrows represent the current
path when D, conducts.

In the next half-cycle, when Q, is ON and L is charging
through Q, and reverse diode of Q,. Similar to the first half-
cycle, when Q, goes OFF D, begins conducting and charges
C, . Fig.2 (b) expresses this process. The blue arrows show the

current path of the voltage source which are valid regardless
of the state of Q,. The green arrows are current path when Q,

is ON and the yellow arrows represent the current path when
D, conducts.

Hence, it can be observed that the bridgeless converter
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actually consists of two sets of boost converters, each
operating at one half-cycle of the input voltage. Thus, the state
space model of a bridgeless converter can be stated as a
normal boost which is valid for a boost converter in each half-
cycle. The state space equations for a boost converter are:
dip 1 1-d
Loy Yy 1
dt L in L C ( )
dv, 1-d. 1

C =T i ——V, 2
d¢ C " RC @
In Eq.1 and Eq.(2), i, is inductor current, V_ is output
capacitor voltage, V,, is input voltage, L, C,, and R_are

in
inductor, capacitor and the load values, respectively, and d is
the duty cycle of the power switch.
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IV. CONTROL SCHEME FOR BBPFC

The In [16], a digital control scheme for an interleaved
boost PFC has been proposed. This control scheme firstly
expresses the digital state space model of interleaved boost
PFC using bilinear Tustin discretization method. Then, a
Lyapunov energy function is defined to achieve the proper
duty cycle for power switches. In addition, another Lyapunov
function has been defined in terms of the integral of the error
of the output capacitor voltage and input inductor current to
minimize the errors even more. Since this control approach led
to suitable results, it has been modified for a BBPFC.
However, due to the elimination of the diode bridge and lesser
number of passive elements, this configuration can be used in
more power levels than the interleaved boost converter.

According to [16], using bilinear Tustin discretization
method, the derivative of a variable in continuous domain can
be expressed in discrete domain as [16]:

dx  x(k+1)—x(k)
dt T “)

Using Eq. (4), state space equations stated in Eq. (1) and
(2) for the bridgeless converter can be re-written as [16]:

LKD) =i (042, 00 -2 -V, (0 ©)
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Converting Eq. (5) and (6) into matrix form results in [16]:
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According to [16], it is worthwhile to define two more state
variables to mitigate the steady state error furthermore. These
two variables are defined as the integral of the voltage and
current error:

N UGN OLE ®
X, = Ki jot (V. (k) -V, (k) dz ®)
Converl'Eing Eqg. (8) and (9) to discrete form results in [16]:
X (kD) = % (k) + l XOE 1 i () (10)
KK +D = 1,0+ V () -V, () (11)

iv iv

Combining Eqg. (7) and the matrix form of Eg. (10) and (11)
gives [16]: i
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Eg. (12) indicates the final discrete state space model of a
bridgeless boost converter. In order to minimize the tracking
error of the voltage and current, an energy function is defined
as [16]:

V= %[iL(k +1)—i, (k+DJ +%[VC (k+2) -V (k+D)P? (13)

To find the optimum duty cycle for the bridgeless converter,

the derivative of the energy function V with respect to d(k)
is calculated as [16]:
ov 0 (14)

ad(k)
Therefore, d(k) can be achieved as:
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As stated before, the two extra state variables are defined to
ensure the least steady state error of the capacitor voltage and
inductor current. To achieve this goal, another energy

function, V,, , is defined as [16]:
v, :%L x (k+1) 2+%c X, (k+1)° (18)

To find the optimum duty ratio, the derivative of V , with
respect to d(k —1)is calculated as [16]:

aVCOF — O
ad(k-1) (19)
Therefore, dcor can be derived using Eq. (19) as:
CV.(k-2)y,-Li (k-2
Tk Y= — (20)
LKS" Vi(k-1)+ CKSN iZ(k-1)
where:

T i D)= (k) + 2V (k=) -5V (k-
72:X1(k)+i{h(k D=t () + Vi (k=D = Ve k 1)} (21)
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Eventually, the duty cycle of the power switch can be
calculated as [16]:

g (k) =d (k) +d,, (k1) (23)

This duty cycle should be applied to Q, in the first half-
cycle of the input voltage and to Q, during the second half-
cycle.

T, | T, |T,.
A =%(K) =1 Ve (k)+K—_{EIL(k—1)+(1—

iv iv

Ve (k —1)} (22)

cor

V. REFERENCE CURRENT GENERATOR

In order to generate the reference current, an SMC
proposed in [24] is used in this paper to generate the reference
current. The input to the SM controller is the output voltage
error. which is considered as the sliding surface [24]:
o=V, -V (24)

oref ~ Vo

where V is the output voltage and V., is the reference

ref
output voltage. As mentioned in [24], the control law should
be selected so that both the error, o , and its derivative, &,
reach zero value. To achieve this, the super-twisting control
law is used. The super-twisting controller acts like an adaptive
Pl controller. Hence, it consists of two parts, a proportional
part (U, , Eq. (25)) and an integrator part (U, , Eq. (26)) [24].
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U, =K, \|o] sign(c) (25)
j K, sign(o)dt  |U|<U,,

U, = (26)
~[u dt U] >U e

In Eq. (26), U is the total control law which can be
obtained as [24]:
U=uU,+U, (27)

With regard to Eq. (26), it can be observed that this SM
controller has an anti-winding property and thus, avoids the
control signal to saturate [24].

The output signal of the SM controller, U , is actually the

peak value of the reference current, 1 .Therefore, it is

essential to generate a sinusoidal wave in-phase with the input
voltage. The production of 1~ with the generated sine wave,

the reference current waveshape would be achieved. To be
more precise:
I =1 sin(wt) (28)
In order to generate the sine wave, samples are taken from
the input voltage (V,,(t) ). These samples are then multiplied

by a gain to reduce the amplitude of the sine wave. This gain
is 1/V,, where V_is the peak value of the input voltage. It is

worth noticing that even though the real amplitude of the input
voltage may change, by considering the standard amount of
change in the amplitude (5%) the error would be negligible.
Hence, using Eq. (28), I, can be generated. Fig.3 indicates

the overall block diagram of the BBPFC.

SM controller

Sign(o) l
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Fig. 3. Overall Block Diagram of the BBPFC
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Fig. 4. Experimental Prototype

TABLE|
SYSTEM PARAMETERS
vV, 85 \Y
V ores 130 v
L 330 puH
C, 2 mF
200
R, 140 Q
70
Current sensor gain 40 mV/A

VI. EXPERIMENTAL RESULTS

In this section, the experimental results of the operation of the
BBPFC with proposed SMC controller for the voltage loop
and digital Lyapunov-based controller for the current loop are
proposed. Fig.4 shows the prototype used in this experiment.
Considering the configuration in Fig.1, the parameters of the
system are as Table.1 It is worth mentioning that the current
sensor used in this prototype is ACS758 which according to
the datasheet, it has a gain of 40mV/A. In addition, the
waveshapes of the input voltage and current are measured
from the sensors and thus, the numbers in the figures of the
voltage and current should be divided by the sensors’ gains.
Fig.5 depicts the waveshape of the input voltage (the blue
wave) and the input current (the yellow wave). The load is set
at 200Q in this circumstance. It can be seen that not only is the
current in-phase with the input voltage, but also has a similar
shape to a sinusoidal compared to a regular diode bridge
rectifier.

Fig.6 shows the input voltage and current waveshapes with a
140Q load. It can be observed that with higher load, the
BBPFC operates better and current regulation has been
achieved properly. Additionally, the current is in-phase with
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the input voltage which results into less reactive power in the
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Fig. 5. Voltage and Current Waveshapes for 2002 load
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Fig. 6. Voltage and Current Waveshapes for 1402 load
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line. Fig.7 shows the operation of the BBPFC with the
heaviest load, 70Q. Similar to the previous loads, the current
has a lesser THD compared to the diode bridge current and
besides, it is in-phase with the input voltage.

VII. CONCLUSION

In this paper, new voltage and current controllers for a
bridgeless boost PFC -BBPFC- were proposed. BBPFCs
usually have two control loops. The voltage controller is a 2"
order sliding mode controller -SMC- and the current controller
is a digital controller based on Lyapunov theorem.
Additionally, the bridgeless structure used in this paper leads
to less power dissipation since there is no diode bridge and
thus, this converter can operate in higher power range. An
experimental prototype of this converter is also provided with
STM32F103C8T6 processor. This microcontroller is cheap
and therefore, the implementation costs will reduce. The
results from the experimental prototype show a satisfactory
performance of the BBPFC with proposed voltage and current
controllers. To be more precise, the current waveshape is
much closer to the desired sinusoidal shape compared to the
conventional diode bridge rectifier. Moreover, the current is
in-phase with the input voltage which leads to reactive power
compensation.
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