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The paper considers a realization of quasi-sliding mode control for DC-DC boost-type converter
on ATmega8 microcontroller. The proposed control law represents a combination of discrete-
time sliding mode and generalized minimum variance control techniques. The control design is
based on input—output converter model and only the sensed output voltage is used for gener-
ating control signal. This approach simplifies the practical realization of boost converter since
there is no need for current sensors. By introducing an additional discrete-time integrator in
control, the converter accuracy in steady-state under load and input voltage variations is
enhanced. The experimental prototype is developed and several experiments are conducted to
validate the functionalities of the proposed solution. The maximum load and line regulation
errors of the proposed converter are 1.55% and 2.9%, respectively.

Keywords: Boost converter; continuous conduction mode; quasi-sliding mode control;
generalized minimum variance control; pulse width modulation; digital signal processing.

1. Introduction

The sliding mode (SM) control belongs to the class of nonlinear control known as
variable structure control.!™ It forces system state to slide along predefined surface
providing system robustness to parameter variations and external disturbances, even
invariance® for systems satisfying matching conditions. These SM control properties
recommend it for DC-DC converting applications under load variations. However,
SM control operates at varying switching frequency causing inductor and transformer
core losses, as well as producing some EMI noise issues. This problem can be overcome

*This paper was recommended by Regional Editor Zoran Stamenkovic.
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by using a control based on pulse-width-modulation (PWM) fixed-frequency techni-
ques, also known as a duty cycle control.” It has been proven® that the system dynamics
with SM controller is equivalent to the system dynamics with PWM controller, i.e., the
SM equivalent control®'u,, is equal to the duty cycle control signal d.

The implementation of PWM techniques in control of DC-DC boost-type con-
verter operating in continuous conduction mode (CCM) may cause the appearance of
right-half-plane-zero (RHPZ) in its duty-cycle-to-output-voltage transfer function,

178 of converter. This makes

obtained on the basis of the state-space average mode
the design of boost converter voltage controller more difficult and limits the system
bandwidth.? In recent years, several boost converters with PWM-based SM control
have been developed. A unified approach to design of PWM-based SM voltage
controller for three basic converters (buck, boost and buck—boost) is demonstrated in
Ref. 10. The fixed-frequency SM current controller for boost converter is considered
in Ref. 11. In order to increase the steady-state accuracy of boost converter, an
additional double-integral term of the controlled variables is introduced in the sliding
surface equation of indirect SM controllers.'? Based on the similar state-space model
of boost converter as in the previous works,'’"'? the proportional plus integral (PI)
type of switching (sliding) function is introduced in Ref. 13 to cope with load var-
iations. Moreover, the switching function parameter is tuned as per a load, resulting
in adaptive unlike conventional SM control. The fast terminal SM control, having a
nonlinear switching function to guarantee finite-time convergence to sliding surface,
is implemented in the output voltage control of boost converter.* The proposed
control scheme combines finite-time and exponent convergent properties in design of
switching function, in order to improve the convergence performance if the system
state is far from the equilibrium point.

Boost converters are widely used as power stages in renewable energy resources
such as photovoltaic (PV) systems. The connection of these systems to a main DC bus
via power converters enables high maximum power point tracking (MPPT). Thanks
to the fact that the input impedance of boost converter can be tuned by duty cycle, i.e.,
it can be considered as an adjustable loss-free resistor (LFR), the operating point of
PV system can be changed in order to maximize the output power. An overview of
MPPT techniques for PV power systems is presented in Ref. 15. Many MPPT
methods do not take into account the system uncertainties and are not robust to them.
To cope with parameter perturbation, MPPT algorithms with SM control are pro-

16,17 In Ref. 18 MPP curve is approxi-

posed for eliminating the perturbation effects.
mated, taking into account not only the voltage and current on the PV panel, but also
the temperature. This linear approximation is used then to form a switching function
of SM controller. The impedance matching can be also obtained by the cascade con-
nection of two boost converters driven by SM controllers based on LFR concept.'’
The fixed switching frequency of SM control can be attained by using discrete-

time SM controllers.?’"?> However, the discretization process of SM control causes
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the quasi-sliding motion®® in the vicinity of sliding surface and produces an unde-
sirable chattering. The latter phenomenon is also present in boost converters with
PWDM-based continuous-time SM control techniques. It can be suppressed by using
the boundary layer approach,'” the chattering-free!*!® control methods or, recently,
the tensor product model®* for sliding surface design.?

One of the first approaches in design of discrete-time SM-like controller is con-
sidered in Ref. 26 for the control of DC-DC buck converter. The control algorithm is
implemented as a fuzzy logic controller with sliding mode-like characteristics. Dis-
crete-time SM controllers for boost converter?”-?® can be designed based on its state-
space average model, which is the nonminimum phase system if the output voltage is
directly controlled. Therefore, the indirect method is used that controls the inductor
current, whose reference signal is selected such that a desired output voltage is
obtained. The choice of inductor current, as an output, results in minimum phase
system, but the problem of output voltage convergence to its reference signal arises.
In Ref. 27, the design of discrete-time SM control with reference model is presented.
The cascade regulation scheme, consisting of the inner inductor current loop with
discrete-time SM control and the outer one being composed of a discrete-time PI
controller for output voltage regulation, is considered in Ref. 28. Another approach
to modeling of boost converter,?**" using discrete Lagrange—Euler equations, results
also in nonminimum phase system. The main difficulty to stabilize the unstable
inductor current variable and to provide an output voltage that tracks a desired
reference signal is addressed in these papers. Due to unstable zero dynamics of state-
space average model, the implementation of discrete-time SM control using stable
system center®! in direct control of the output voltage may be considered as a
promising solution to this problem.

All previous control design techniques are based on the state-space model re-
presentation of boost converter and, therefore, the measuring of inductor current is
mandatory. In this paper, we present a discrete-time SM control, designed by using
the input—output model of boost converter in the form of a discrete-time transfer
function, which eliminates the need for additional current sensor. The proposed
quasi-sliding mode (QSM) control represents the combination of generalized mini-
mum variance (GMV) and discrete-time SM control techniques.*>** GMV control is
suggested herein to cope with RHPZ of duty-cycle-to-output-voltage transfer func-
tion and to enable the controller design based only on converter output voltage
measuring. In order to alleviate chattering and achieve better converter accuracy,
the discrete-time SM control component is filtered through discrete-time integra-
tor.*? The theoretical background of the proposed control for the boost converter is
given in Ref. 34, based on contributions presented in Ref. 33 and partially in Ref. 32.
However, due to parameter variations, some additional stability issues are considered
in this paper, extending the theoretical results in that way. Similar QSM controller is
implemented in voltage control of buck converter.?> As the buck converter represents
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a minimum phase system, the discrete-time SM control is combined with the mini-
mum variance (MV) control.

Traditionally, digital signal processors are used to implement controllers for
power converters. In recent years, some research efforts are dedicated to design of
low-cost solutions for the voltage control of boost converter. In Ref. 36, the sliding-
mode hysteretic control algorithm, based on state-space model, is realized on low-
cost memory hardware. The sliding surface is derived in advance and stored in
memory lookup table, whose output drives a boost converter power switch. The
continuous-time SM control, designed by using state-space average model, is digi-
tally implemented using low-cost dsPIC30F4013 microcontroller with small com-
puting power.?” The selection of sliding surface provides the current mode controller,
making the inductor current a function of the output voltage. In this paper, we
demonstrate how the proposed QSM control for boost converter can be realized on
widely used ATmega8 microcontroller. It is shown that this control is simple enough
to be easily implemented on standard 8-bit microcontrollers, but at the expense of
little lower accuracy and slower dynamical response. Moreover, the proposed boost
converter realization gives satisfactory experimental results, indicating that better
results can be expected if digital signal processor is used.

The paper is organized as follows. In Sec. 2, the modeling of boost converter is
considered. The brief design procedure of proposed QSM control algorithm is given in
Sec. 3. The experimental setup is presented and the experimental results are dis-
cussed in Sec. 4. Section 5 contains some concluding remarks.

2. Boost Converter Modeling

Mathematical models of the boost converter provide the pathway to various control
strategies discussed in literature. In this paper, the model of boost converter is given
in the form of discrete-time transfer function, derived from the state-space model.'°
The schematic diagram of boost converter with the proposed QSM controller is
shown in Fig. 1. Herein, C},, L and Ry, represent the capacitance, inductance and load
resistance of the converter, respectively; ., i; and i, are the capacitor, inductor and
output (load) currents, respectively; V., vy, and v,,; denote the reference, input, and
output voltages, respectively; G denotes sensor gain, whereas u representing the signal
driving the power switch S,,. The boost converter operating in CCM is considered in
modeling process. By taking the output voltage and its time-derivative for the state
coordinates (] = Vyy;, To = dUyy;/dt), the linearized small-signal state-space model of

boost converter in continuous-time domain can be written in the following form!’:

0 1 0
IE(t) = 1 l‘(t) + ‘/in - V:)ut u(t) ’

0 ~%.G IC; (1)
y(t) =18 0]x(t),
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Fig. 1. Boost converter with QSM controller.

where V,, and V. are the nominal values of boost converter input and output voltages.
The transfer function of boost converter can be derived directly from Eq. (1) as

Y( ) B(VIn B V;)ut)

S

Wboost(s) = = LCl . (2)
2

8 + RLCS

Under the assumption that control signal is constant during the sampling period 7',
u(t) =u(kT), kT <t < (k+ 1)T, the input—output model of boost converter in
z-domain is given by

) =12 ), ®)

where 27! is the unit delay, i.e., 27! = e~ s denotes a complex variable, e(k) =

o(kT') and
A7) = A (1) + AA(z ),

B(z1) = By(=1) + AB(=-1), @

A, (z™1),B,(271), AA(z71) and AB(z7!) represent the polynomials with nominal
and perturbed values of boost converter parameters, respectively.
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3. QSM Control Law

The main aim of control design is to maintain the sensed output voltage y(k) =
Buou: (k) as stable, constant and equal to some reference voltage V,.(k) = V., despite
the variations of load resistance R; and input voltage v;,. In order to achieve the
design task, QSM control algorithm?*:3
defined by

is used to control boost converter. It is

F(= (k) — Ol )Vilk + 1) + -2 sam(s()

_ 1-—
i = BB+ QD -9

where s(k) represents the switching function given by

s(k+1)=Cz " (yk+1) =V (k+ 1)) + Q(z Mu(k), (6)

C(z71) is a polynomial with all zeros inside the unit disk of z-plane, and Q(1) = 0.
E(z7!) and F(27!) are solutions of the so-called Diophantine equation:

C(z) = E(z" 1A, (z 1) + 271 F(z7), (7)

s(k) = 0 is an equation of sliding surface in general case. The closed-loop dynamics is
directly derived from Egs. (3) and (6) in the form of **:
) — BE OV + (k)
Bz H)C(zY)+ Az H)Q(z 1)’

(8)

It is obvious from Eq. (8) that, in order to guarantee the system stability, all roots of
the equation B(z~1)C(27!) + A(271)Q(z~1) = 0 should be inside the unit disk in the
z-plane, and the pairs (B(z71), Q(z71)),(C(z71), A(z7!)) and (C(z71), Q(z71))
should not have common zeroes outside this disk. The system steady-state accuracy
can be obtained from Eq. (8) for z =1 and Q(1) =0 as

y(00) = Vi(o0) + 5(00) . (9)

L
c(1)
Substituting Eq. (5) in Eq. (3), taking into account Egs. (4), (6) and (7), one gets
oTB(z 1)sgn(s(k))
1—271
where P(z71) = A,,(271)AB(27!) — B,(271)AA(271). Replacing y(k+1) in Eq. (10)
by Eq. (8), having in mind that V,(k+ 1) = V,.(k) = V.t = const., gives:
B(z"HC(=") + ARz
B(z"H)C(z )+ A(zH)Q(z71) — E(z"1)P(z71)
where As(k+ 1) = s(k+ 1) — s(k) is bounded if all roots of the equation B(z~1)C(
2 )+ A(zY)Q(z7Y) — E(z71)P(27!) = 0 are inside the unit disk in the zplane.

Bz Ys(k+1) = +ECHPEYHyk+1), (10)

As(k+1)= aT'sgn(s(k)), (11)
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The latter is accomplished by the appropriate selection of the polynomials C'(z71)
and Q(z7!). Finally, the switching function dynamics is defined as

s(k+1) = s(k) — aTsgn(s(k)) +l(k+1), (12)
with

B E(= )P 1)
"®) = BTG T A DAE T

As(k), (13)

including all parameter perturbations and, obviously, |I(k)| < A, where A is a posi-
tive real constant. If « > A/T, a quasi-sliding motion is established in A-vicinity of
s(k) =0, 1ie., |s(k)| < Ais always satisfied, where A is a function of aT". The proof of
this statement is beyond the scope of this paper, and can be found in Ref. 35.

4. Experimental Prototype and Results

The verification of proposed boost converter is presented in this section. The de-
veloped experimental prototype is depicted in Fig. 2, whereas the scheme of micro-
controller based boost converter is given in Fig. 3. Table 1 contains the nominal
values of converter parameters. With 7' = 1ms, the discrete-time model (Eq. (3)) is
defined by A(z7!) =1 —1.98022"! +0.9802272 and B(z~!) = 1.3515 — 1.34252"1.
Then, the parameters of QSM controller are selected and calculated as: C(z71) =
1—1.067271 +0.2846272, Q(z71) = 0.05(1 — z7 1), E(z"1) =1, F(27!) =0.9132 —
0.6956z~1 and o = 10.

Fig. 2. Experimental prototype of the proposed boost converter.
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Fig. 3. Scheme of boost converter realization with ATmega8 microcontroller.
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Table 1. Boost converter parameter values.

Description Parameter  Nominal Value
Input voltage Vi 12V
Desired output voltage Viout 24V
Capacitance Cy, 1,470 uF
Inductance L 330 uH
PWM frequency Fowm 7.874kHz
Sampling period T 1ms
Minimum load resistance Ry in 22.67 52
Maximum load resistance Ry nax 682

QSM control algorithm is realized by using 8-bit microcontroller ATmega8.*"
The sensed output voltage is fed into its 10-bit A/D converter. PWM is also incor-
porated in microcontroller with the switching frequency f,,, = 7.874kHz. Thanks
to such choice of f,,, the influence of RHPZ in duty-cycle-to-output-voltage
transfer functions is significantly suppressed but at the cost of lower bandwidth.”

26 T T T T T T T T T L— T T T

24

Vout (V)

22 . I 1 1 1
0 0.5 1 1.5 2 2.5

Time (s)
(a)

26 — e B

251 1

24NWHM“HWWHWIWWWWWWM

23 1

Vout (V)

22 I 1 I I
0 0.5 1 1.5 2 25

Time (s)
(b)

Fig. 4. Experimental waveforms of vy, (panels (a)—(c)) and 4., (panel (d)) of the boost converter with
QSM control, alternating between load resistances 68 Q2 and 342 and operating at (a) Vi, = 10.5V, (b)
Vi =12V and (¢) Vi, =13.5V.
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Fig. 5. Experimental waveforms of vy, (panels (a)—(c)) and iy, (panel (d)) of the boost converter with
QSM control, alternating between load resistances 34 Q and 22.67 ) and operating at (a) Vi, =105V,
(b) Vi, = 12V and (c) V,, = 13.5 V.
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Fig. 5. (Continued)

In order to analyze load and line regulation properties of the realized
microcontroller based boost converter with QSM control, the step load changes from
R;, =680 to Ry, =34Q, from Ry =340 to Ry = 22.67Q and from R; = 68 to
R; =22.67Q are applied at three different input voltage values: minimum
(Via = 10.5V), nominal (V;, = 12V) and maximum (V;, = 13.5 V). The experimental
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results in the form of output voltage v, and current i, waveforms are presented in
Figs. (4)—(6).

According to Table 2, maximum load regulation error occurs at V;, = 10.5V with
deviation of 1.55% from V,; at nominal condition. On the other hand, the maximum
line regulation error is at maximum load (R; = 22.67 Q) with deviation of 2.9% from

26

Vout (V)

05 1 15 2 2.5
Time (s)

26 T T

VOLI[ (V)

VOllt (V)

22 I I 1 I R
0 0.5 1 1.5 2 25

Time (s)
(c)

Fig. 6. Experimental waveforms of vy, (panels (a)—(c)) and iy (panel (d)) of the boost converter with
QSM control, alternating between load resistances 68 2 and 22.67 Q and operating at (a) Vi, = 10.5V, (b)
Vi =12V and (c) Vi, =135 V.
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Fig. 6. (Continued)

Table 2. Load regulation property (Vous ominal condition) = 23-9V at
Vi, =12V and R _;, = 22.67Q).

AI/out 7
‘ x 100%
V;n A‘/out = %uﬁmx;z) - ‘/Ollt(gz 67Q) %ut(uoxuirml condition)
105V 037V 1.55% of ‘/out (nominal condition)
12V 032V 1.32% of Vout (nominal condition)
135V 021V 089% of V;ut (nominal condition)

Table 3. Line regulation property (V,

out (nominal condition) — 23.9V at I/in =12V and
RLJniu = 22.67 Q)

A‘/out

) . x 100%
Loadlng condition AVM = %\mu,i":l“\,) - ‘/U‘lt(w\:ws\') V:)ut(nomiual condition)
RL,max =680 0.4V 1.67% of ‘/()ut (nominal condition)
RL_mCdium =34Q 0.3V 1.25% of ‘/Ulll (nominal condition)
RL_min =22.67Q 0.7V 2.9 % of V:)ut (nominal condition)

Vout at nominal condition (see Table 3). It is worth noting that the load and line
regulation properties depend largely on microcontroller’s A /D converter and PWM

resolution, as well as on the choice of QSM controller parameters C(z7!), a and T.
Theoretically, according to Eq. (9), the converter steady-state error should be ap-
proximately 400 mV. Therefore, a better accuracy may be expected if a faster mi-
crocontroller with better A/D converter and PWM resolution is used.

5. Conclusion

In this paper, the quasi-sliding mode control for DC-DC boost-type converter
is discussed, and its realization on 8-bit ATmega8 microcontroller is presented.
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The proposed control is a combination of discrete-time sliding mode control and
generalized minimum variance control, and can be implemented by measuring only
converter output voltage without the need for additional current sensors. The ex-
perimental prototype is developed and several tests are carried out. The experi-
mental results demonstrate good regulation performances under load and input
voltage variations, in spite of low resolution of A/D converter and PWM. Better
results may be expected with faster digital signal processors. It can be concluded that
the proposed boost converter with quasi-sliding mode control is feasible by using
standard 8-bit microcontrollers.
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