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ABSTRACT

A standardized sliding- mode contoller for bidirectional
switching converters is described. The proposed circuit is
suitable for large-signal applications and can be used in a large
class of dc-to-dc switching converters. As a result, robustness
and fast dynamic response against supply, load and parameter
variations is obtained. The controller implementation has been
performed by means of standard operational amplifiers (OA’s)
and it has been tested experimentally in elementary and
complex switching power converters. An integrated realization
of the controller has been simulated at transistor level by means
of HSPICE exhibiting similar characteristics to those presented
by the OA’s-based implementation.

1. INTRODUCTION

The solution of the control problems in dc-to-dc switching
converters has been traditionally undertaken by means of
conventional techniques based on the linearization of the
converter bilinear model. These techniques are based on a
linear low frequency characterization of the switching
converter so that frequency-domain design methods can be
applied to solve the control problem. The controller design
following that approach can be specially difficult if the
converter has several poles and one or more right half plane
zeroes. In addition, the low frequency small-signal model
cannot predict the large-signal behavior or the stability of the
system.

On the other hand, there are large-signal control
techniques [1] which have provided excellent performances in
bidirectional converters, their application having led to the
generation of different types of power waveforms in the
converter output and opened the way to new designs of power
amplifiers and sinusoidal inverters. These techniques are based
on a nonlinear discrete-time recurrence obtained through the
integration of the converter state equations along the switching
period and the subsequent introduction of the control
constraints.

An alternative approach based on the application of
variable structure theory and the associated sliding regimes has
been developed in the last years [3] - [4]. The sliding-mode
control is a time-domain technique suitable for large-signal

applications exhibiting low sensitivity to external perturbations
and parameter variations.

We describe in this paper the main characteristics of a
general purpose sliding-mode controller which can be used to
regulate a large class of switching converters. Namely, buck,
boost, buck-boost, Cuk, buck with input filter, boost with
output filter and SEPIC converter.

2. 0.A’’S - BASED STANDARIZED MODULE

It has been shown in the last years [ 2 ] - [ 5 ] that linear
combinations of state variables used as sliding surfaces
provides stable equilibrium points in second a fourth order
converters. The simplicity of the control law for a large family
of converters is exploited in this paper to implement a general-
purpose controller of the type shown in Fig. 1
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Fig.1 Block diagram of the generalized sliding-mode controller
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The practical implementation of the controller requires three
different stages. Namely, input stage for measuring converter
floating signals or referred to ground, stage for generation of
the sliding surface and output stage based on a hysteretic
comparator with buffer circuits.

The input stage consist of several differential structures of the
type shown in Fig.2. The resistances of the circuit are choosen
to implement the coefficients of the sliding surface. Voltage



V.t 1s required to generate the error signal associated to the
state variable measured by the first differential amplifier. The
differential structure of Fig.2 is repeated for each converter
variable needed in the generation of the sliding surface.
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Fig 2. Basic differential structure in the input stage.

The second stage implements the sliding surface that will
eventually be used in the converter control. It uses the outputs
of the first stage to make linear combinations of them by means
of operational amplifiers. Therefore, the expression of the
voltage at the output of the second stage will be of the form:
S(x)=K (x1-x; Y+... K (XpXy ), Where Kj...., K, are the sliding
surface coefficients, xi,..., X, are the converter variables and
(X1-X1),....(xy-X, ) are the state variable errors. The surface uses
up to four state variables and admits the inclusion of a
compensating network [ 8 ].

The third stage is a hysteretic comparator implemented by
means of an operational amplifier with positive feedback. The
hysteresis width can be externally controlled and the
corresponding output signal is a square wave. To obtain a
binary signal that activates/ deactivates the converter switch,
two buffer circuits are added to the comparator output in order
to adjust the power level of the comparator output to the
required level in the converter input.

3. INTEGRATED APPROACH.

The integrated version of the controller has been designed at
transistor level with 0.8 um CMOS technology and has been
performed at simulation level by means of HSPICE. The
design is based on current-mode due to the inherent benefits of
this technology. First, slew rate problems are considerable
reduced in comparison to voltage mode. Secondly, linear
combinations of signals are significantly simplified. Finally,
currents are mor immune to noise and interferences than
voltages. This last property is particularly important in the
context of switching converters in which fast switchings can
create important interferences.

The final architecture of the integrated approach uses the same
number of stages than the OA’s-based module. The acquisition
stage is implemented by means of Current Conveyor type
(CCII) structures in which one of the inputs is modified to have
high impedance as depicted in Fig.3.
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Fig 3.CCII with high impedances.

As shown in Fig. 3, the structure inputs are voltage buffers and
the difference between both input voltages is provided by the
output current at node Z. This current can be weighted by
means of resistor R. There are different alternatives to
implement the voltage buffers. We have obtained good results
with OA’s of large bandwith in voltage follower configuration.
However, for an integrated design the whole operational
amplifier is not required to implement the buffer. Class AB
buffers of 4 transistors as shown in Fig. 4 have been employed
exhibiting excellent performances, specially as regards to slew

rate behavior.
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Fig. 4. Class AB buffer

Concerning current mirrors, the best behavior in the
simulations has been exhibited by those of regulated cascode
type. These current mirrors operate with low distorsion up to 1
MHz. They also have an output impedance of several MQ
which guarantees a very good approximation of voltage-
controlled current source. This basic structure has been used to
obtain the information of each of the variables that are
combined to create the sliding surface. The corresponding
scheme is represented in Fig. 5, i.e. two class AB buffers and
two regulated cascode mirrors.

The second stage implements the sliding surface of the
controller. The use of current-mode technology facilitates the
generation of linear combinations since a single node
represents an algebraic addition of currents. In case that
substraction is needed, a simple change of polarity in one of
the currents is sufficient.
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Fig.5 Stage for signal acquisition.

The third stage is a hysteretic comparator with input current
and output voltage and externally controlled hysteresis width.
Also, a very small input impedance is required since the stage
input signal is a current. Taking into account these
considerations, we have selected the structure depicted in Fig.
6. The design of this structure is based on a voltage inverter
configuration using a two transistor feedback to obtain low
input impedance. The hysteresis is achieved by means of
nonlinear feedback through the differential pair.
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Fig. 6. Hysteresis comparator

4. RESULTS

The OA’s-based standardized module has been simulated by
means of PSPICE and then experimentally verified for
different sliding surfaces in the control of a buck converter
operating in continuous conduction mode. The experimental
results are comparable to those provided by commercial
controllers based on PWM operation.

The integrated design has been simulated on a SUN
workstation of the type ULTRASPARC 167. The models used
for transistors have been of level 47 obtained from
manufacture’s data for AMS technology of 0.8 um. DC supply
is 5 V and the bias currents are 50 LA. The simulation results
are in good agreement with the experimental waveforms
obtained using the OA’s-based controller. As an example, Fig.
7 shows the start-up of the output voltage in a buck converter
which uses the sliding surface S=0.67 (ii-1) + 0.33 (v¢-3)
where i is the inductor current and v is the converter output

voltage. Fig. 8 shows the output of the hysteresis comparator
for the same surface. Finally, Fig. 9 shows the corresponding
converter behavior in the phase-plane.
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Fig. 7. Output voltage response during start-up.
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Fig. 8. Hysteresis comparator output
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Fig.9.Phase-plane representation
5. CONCLUSIONS
Two different configurations for the implementation of sliding-

mode controllers have been studied. The first structure is based
on OA’s and operates in voltage-mode. The second approach is



based on a transistor level design and operates in current-mode.
Both architectures provide satisfactory results and show the
feasibility of the proposed controllers. The second architecture
has some important advantages over the first one due to the
current-mode technology employed in the design that ensures a
larger bandwidth. Work in progress contemplates the
integration of the second structure.
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