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ABSTRACT

In this paper a DSP based control scheme for the interleaved boost converter is presented. The mathematical model for the

interleaved boost converter operating in a continuous inductor current mode is developed. A state-space averaging technique

is used for modeling the converter system. A fixed frequency sliding mode controller is designed to ensure current

distribution between the two converter modules and to achieve the load voltage regulation simultaneously. Necessary and

sufficient conditions, using variable structure theory, are derived for the sliding mode to exist. The range of sliding mode

controller coefficients is also determined. The designed controller capability, load distribution among the individual boost

cells and load voltage regulation against source and load disturbances, are demonstrated through PSIM simulation results. A

real-time controller based on ADMC401 DSP is developed. Experimental results are provided to validate the proposed

control scheme.

Keywords: Digital control, Interleaved boost converter, Invariance condition, Ripple cancellation, Sliding-mode control.

1. Introduction

DC-DC converters are widely used in switch-mode
power supplies. To meet increased demands, several new
topologies are being developed that operate at a high
efficiency rate and are relatively simple to control. In
particular, buck topologies are finding wide applications

whenever load voltage is less than the input source voltage.

However, it has the disadvantage of the discontinuous input
current increasing the ripple amplitude and electromagnetic
interference (EMI). Boost topologies are suitable for
universal input applications, provided load voltage always
remains greater than the input voltage. It will also achieve a

continuous input current, thereby reducing the input
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filtering requirements. However, even further reduction of
the input ripple is required to enhance the performance of
the converter system.

In recent years the demand for dc-dc converters has
increased. Particularly, more attention is going towards
development of compact power supplies having
lightweight, more power density, high efficiency with
faster dynamics etc. To meet increased demands several
new topologies are introduced having higher efficiency and
simple control. Power conversion through parallel-
connected converters and load distribution among the

(121 i one such area of interest. This

converter modules
parallel connected converter system has several advantages
such as: (i) increases the system reliability, (ii) facilitates
system maintenance, (iii) allows future expansions, (iv)
low component stress devices can be used to achieve a cost
effective design with reduction in system size and weight

etc. Development of parallel converters with new control
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Fig. 1 DSP control of interleaved boost converter
strategies is being developed to increase the power
processing capability and to improve the reliability of the
power electronic system. In particular, dc-dc power
conversion employing interleaved operation *® has several
advantages.

The advantages of constructing the power converters by
means of interleaved parallel connected converters are: (i)
ripple cancellation both in the input and output waveforms
to maximum extent, and (ii) lower value of ripple
amplitude, high ripple frequency in the resulting input and
output waveforms. Furthermore, parallel connection of
converters also reduces maintenance requirements,
increases the reliability and fault tolerance, etc. During the
past three decades, several aspects of de-dc converters have
been explored. These include modeling and analysis;
improving both the steady-state and dynamic converter
performance, etc. Among them, the control of high
frequency dc-dc converters has attracted much research
attention due to the inherent difficulties in achieving the
desired characteristics, such as stiff line and load regulation,
or robustness to uncertainties in the converter parameters
[ Design of conventional controllers using a number of
modules, parameter  variations and large-signal
disturbances is a difficult task. However, the fixed-
frequency sliding mode control"” technique in variable
structure systems gives several advantages, in addition to
flexibility in control-loop design, such as faster dynamics,

good input voltage perturbation rejection, tight regulation

of load voltage against line and load disturbances etc. So
far, the analog control is predominant in power conversion
closed-loop controllers due to its low implementation cost.
However, analog control has several drawbacks such as a
number of components and their susceptibility to aging and
variation of environmental factors, which lead to degraded
performance; the design is inflexible and its performance
cannot be optimized for various operating conditions. The
increasing performance and falling price of digital signal
processors now provides the possibility of digital control
with capability of adapting to the changes in converter
dynamic characteristics.

Digital signal processors (DSP’s) are finding wide
application in many engineering fields and these are
suitable in almost all high frequency power conversion
applications. This is because of their ability to perform
complex mathematical computations within minimum
amount of time and efforts. Furthermore, the digital
controller is flexible as the implementation involves only
software instructions and is independent of the converter
control, in

size. Implementing the sliding mode

conventional form, can be accomplished by using
commercially available IC’s and Op-amp circuits.
However, these fixed-point analog controllers cannot adapt
themselves to different operating conditions. To alleviate
some of these disadvantages, a sliding mode controller
realization in the digital domain for the interleaved boost
converter, using Analog Devices DSP, is proposed.-in this
paper. In this paper we design a simple fixed-frequency
sliding mode controller for the interleaved boost converter
as shown in Fig. 1. Firstly, the mathematical model of the

1 and

converter is developed using a state-space domain
then a sliding mode controller theory is derived in Section 2.
Section 3 discusses the digital implementation of the
sliding mode controller. Simulation and real-time
implementation results are discussed and compared in

Section 4. Conclusions follow in the final section.

2. State-space modeling of the interleaved
boost converter

In this paper we design a sliding mode controller for the
interleaved boost converter as shown in Fig. 1. It has been
proved in the literature that the sliding mode controller is
more robust against converter parameter uncertainties and
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external disturbances, etc. In this instance, the sliding
mode controller is designed to achieve the load voltage
regulation against the line and load disturbances. To find
the sliding regime which exists for this system we need to
develop, firstly, a converter model. It is then required to
find the range of sliding coefficients, necessary and
sufficient conditions, etc. To develop the sliding mode
theory for the two-cell interleaved converter system we
start with the assumption that €ach boost cell inductor
current is continuous. With this assumption we now
develop the model for the converter in the state-space
domain given below. For the two-cell interleaved boost
converter the phase difference of 180° between two
converter switching signals will result in minimum ripples
both on the source and load sides. For these assumed
switching signals more topologies and operating modes are
possible depending on the switching frequency, load and
duty ratio. In this analysis we will be discussing the
continuous inductor current mode of operation. Even in the
continuous inductor current mode of operation two cases
will arise: (i) duty ratio D<50%, (i) D>50%. In any of the
above cases four modes of operation results in one input
cycle of operation. In the following lines mathematical
model for the interleaved boost converter is developed for
the duty ratio D<50 % case. In this case there are four
switching states for the converter, Mode-1: 0<t<d,T the
devices S, D, are conducting; Mode-2: d, T<t<(d,+d,)T the
the devices D,, D; are conducting; Mode-3: (d,+d,)T <t<
(d,+d,+d;)T the devices S,, D, are conducting; Mode-4:
(d+dytd;)T <t<(d+d,+d3+d,)T the devices D,, D, are
conducting, and the corresponding circuits can easily be
drawn. The equations for these four different circuits are
developed, detailed equations are not given here, and the
corresponding state models are obtained given in the

following lines.

Mode-1:

)51 = [Al][X]+[B1]U (1)
Mode-2:

X.z = [Az][X]+[Bz]U )
Mode-3:

X, =[A,]X]+[B,JU 6

Mode-4:

X, = [A4][X]+ [B4 ]U 4)

where [A;] and [Bi], i=1,2,3,4 matrices are given by

7 1
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L, 0 0 » L
r 1 1
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| C RC | L c
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L, L | L,
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L 1 1 o -L
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Taking the average of the above four state models results
in the following average state-space model when there is no
load disturbance, i, =0.

X =[a [x]+[B Ju ®)

where  (di+dytds+da)=1, [A]=(Adi+ALd+Asds+ALdL),
[B]=(B,d;+B,d;+B;d;+By4d,). The corresponding [A] and
[B] matrices are

K 0 _(d,+d,+d,)
l1 L4 ;
A= 0 _hn _@+d+d)
L L
(d,+d;+d,) (d +d, +d,) b
C C RC
1 s [(X]=in [ [Ul= 0
B = 0
Lz VO
o L
C
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On the similar lines given above the state-space model for
the D>50% case can also be obtained. Due to space
constraints detailed modeling equations are not given here.
However, the final state-space average model is given
below for ready reference.

n oy 4] ]
L) Ll Ll
a={ o - _Lpp Loy
LZ L2 L2
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Za B b 0 ——
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We consider the sliding surface as a combination of load
voltage and input current given below.

S =k, +k2J-<Vref Vo )JT +k; (Vref —Vo) (6)

where i,=(i;+i;). In case of sliding motion over the
intersection of the switching surface, the invariance

condition § = § = 0 is satisfied. Applying the above

invariance condition results in the following equation:

di '
—g—kz(V,e —vo)— 3%=0 @)

k,
dt

Substituting for (dvy/dt), (dig/dt) in the above equation
from the state-model, 5, results in the following expression;

kk,Li,
{NI —[I—g]—rkli&, LN, —k,Vg:i
¢ (8)
K Li,
VO - C

k,L
AN'1 :V0(1+ RsC)' N2 :kZL(Vref _VO)

U,y =

¢

Since the equivalent control is bounded (0<ug<1) then
the above equation becomes

g

L
0<[N1+k3v0 }<V ®
RC

where ‘k;=1" and ‘r’ neglected since ‘r<<R’. To get the

constraint on the coefficient ‘k;’ we substitute the condition
for equilibrium point ‘V ~v,’ and for the interleaved boost
converter V2V, then the above in-equality becomes

RCY,

O<k, <
ref
or
k3L Vref
0<———<V, (10)
RC
To get the range of values for the ‘k,” we will substitute
eqn. 10 in eqn. 9 and after simplification results the

following in-equality

k.Lv k;LV
0<|N, + 220 || 2 4y, — (11)
[2 RC}{RC v. V")}

simplifying further

k,LV, L
0<n, <| 220w KDV )
RC  RC

or

0<k, <{1+ﬁ} (12)
RC

3. Digital implementation of sliding mode
controller

The proposed sliding mode controller algorithm, for the
interleaved boost converter, is implemented using the
Analog Devices ADMC401 DSP EVM module "' This
ADMC401 module has the following major features: (i)
fixed point 16-bit processor with 76.92 ns at 13 MHz clock
frequency, (ii) 16-bit arithmetic and logic unit with 26
(iii) three PWM
generation units, (iv) 8 independent 12-bit ADC channels

MIPS performance, independent
with simultaneous sampling and less than 2 us for
conversion of all channels, (iv) independent 12-bit serial
DAC channel. The instantaneous load voltage and voltage
proportional to the inductor current are sensed by the LEM
LV25-P voltage sensor, ABB EL50P1BB current sensor,
respectively. These voltage and current sensor outputs are
given to the two independent ADC channels of ADMC401
module. The switching frequency of the converter and



184 Journal of Power Electronics, Vol. 5, No. 3, July 2005

Though the
sliding surface given by eqn. 6 appears to be simple, it has

sampling frequency of ADC is 100 kHz.

to be represented in a form that can be easily implemented
in the digital domain. In the following lines we will present
the necessary steps involved in digitization ' of the
sliding mode controller. To start with we will again
consider the sliding surface equation.

S= Si+S, (13)

where S=kiig, S| = &, I (V,.ef -V, )’T + kK, (Vref - Vo)

In the discretization process, firstly, we will convert the
control function ‘S,’, the continuous time signal, into
discrete form.

S, = ["—uk}}(v,e, ) (14)
; A
S =k X |, —v,) (15)
v 3 k3S ref 0

The above mentioned equation needs to be converted
into a discrete time domain, which involves replacing the
integral operation by the discrete summation. Although
several methods are available for this conversion, we have
used an improved first order hold approach, where-in
trapezoidal areas are used in discrete summation. The
method is described in the following lines. In the zero order
hold case the integral operation is approximated by
accumulating the rectangular areas and involves a time lag
of T/2. In the case of first order hold summation of the
trapezoidal areas, results will give the integral operation.
Let the sum of the trapezoidal areas up to the k™ sample
equal Sy then, the integration up to the next sample time,
(k+1), is obtained as

(Hk + H(k+1))Tsamp
2

(16)

S(k+l) =5, +

where ‘Tgmp” is the sampling time; Hy, ‘Hgqi)® are the
signal values at k™, (k+1)™ sampling instants, respectively.
The above equation is now represented in z-domain as

s, E Ty 1)’; Lo a7

Simplification results in the following equation

S - (Z + l)]—Iz]—'samp (18)
‘ 2(z-1)

The above equation gives the z-domain equivalent of
continuous time integration, 1/s. Therefore, the eqn. 14 in

z-domain becomes

(z+1)H(T,,,
2z-1)

S.(z) =k, [kn +1}E(z) (19)

where kas=ko/ks, E(z)=(V,.{z)-vo(z)). On simplification the
above equation becomes

(2-18,@) =klla+)+(@-1DEE) 5

where | _ ks Twwr , The above equation represents the
2

following difference equation.
Sv (k+1) = k3 [(a+1)E(k+l) +(a_1)Ek]+Sv (k) Q1
Substituting the above equation in eqn. 13 results into the
final sliding surface in discrete form and it is given below.
S (k+1)=kji, (k)+S,(k+1
e+ 1)= i, (k) + S, (k+1) o
The above control law is a simple equation consisting of
only multiplication and accumulates in operation and can
easily be implemented in the digital domain. However, in
ADMCA401 the data is represented in 16-bit fixed-point
notation, which requires all the coefficients and signal
levels to be brought into 1.15 format. This can be achieved
by introducing a common scaling factor for the above
equation such that all the coefficients lie in the range of -1
and I. Further, the de-scaling becomes easier, simple right
shifting operation, if the scaling factor is chosen as a power
of 2. Multiplying scaling factor ‘Ny’ on either sides of the
above equation results

NS (e =Niyy () +Bl) k- N Bk +1) + NS, (k) - (23)

where N =Ny.k;; No=ksNg(a+1); Ni=k;Ng(a-1). At times,
in the process of controller loop implementation it so
happens that ‘NS, (k+1)” exceeds the limit of -1 and 1. This
is mainly due to wind-up of the integral part. Such
problems can easily be handled by putting a saturation limit
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on the ‘NyS.(k+1)’. In order to increase the accuracy of
controller implementation, particularly when we use 16 bit
representation and taking repeated summation on small
increments the present summation may not be significantly
different from the preceding summation value. In such
cases, it is possible with the ADMC401, by using auxiliary
registers to handle the data processing in 32-bit format and
finally converting the end results into 16-bit form, which
we can use in the subsequent calculations. We have
successfully implemented the controller, discussed above,
in the Analog Devices ADMC401 DSP EV module. The
controller algorithm is given in the flowchart, shown in Fig.
2. In the present analysis we have computed the parameters
of the discrete controller which are tabulated in Table 1.

Table 1 Discrete controller parameter values
Tsamp 10 ps
N 0.05
No 1.0
N, -0.57
N, 0.63

Imtialise and define
prog. variables
and constants.
PWM registers
l
Clear all pending
INT s, enable INTs,
Iniftalise ADC &

DAC channels

Read 1" and v
signals from ADC
channels

I

Compue sliding
plane vaiue &
corresponding

duary rasio

Fig. 2 DSP program flow chart

4. Results and discussions

Comprehensive simulation studies were made to verify
the designed sliding mode controller for the interleaved
boost converter. To verify the theoretical analysis,
developed in the preceding Sections, the following design
example was considered. A 100 W interleaved boost
converter was constructed for this investigation. The
converter parameters chosen for these studies are: =40 Q,
=43 Q, r~=1.05 Q, L,=125.6 uH, L,=123.7 pH, C=9.2 yF,
R=25 Q. The converter and sliding mode controller are
developed in the PSIM simulator environment. For the
converter parameters, mentioned above, the range of
sliding mode coefficients, k;, k; and k;, are computed from
the equations given in Section 2. These coefficients for a
reference voltage of ‘V,.~50 V’ work out to be k=1,
(0<k;<12294), (0<k;<0.922). To analyze the converter
regulation performance, several large-signal simulations
studies have been made for different operating conditions
and sliding coefficients were tuned for optimum response.
These simulation results reveal that the designed sliding
mode controller is capable of regulating the load voltages
against line and load disturbances. For illustration of load
voltage regulation, against supply voltage and load
disturbances, large-signal respcnses for one particular
operating condition are given here: (i) load resistance
change from 25 —19 Q, (ii) supply voltage change from 30
— 23 V, and these results are given in Figs. 3 and 4,
respectively. However, due to the presence of the closed
loop sliding mode controller the load voltage is undergoing
dynamics and settling to reference set point, V=50 V,
within a relatively small amount of time. Simulation results
indicate that during the initial start-up period the currents
and voltage are undergoing oscillations. This is mainly due
to the effect of built-in integration methods available in the
PSIM simulator '"*. The enlarged steady-state simulation
results are shown in Fig. 5. For verification of simulation
analysis results the experimental results were given in the
following lines.

To wverify the proposed controlling method of
interleaved boost converter an experimental prototype
control circuit with parameter values mentioned above has
been built and measurements were taken from the prototype.
The semiconductor devices used are an International
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Fig. 4 Dynamic response of load voltage and current

Rectifier IRF530 power MOSFET, and a Motorola
MURB820 fast recovery diode. The inductors are made of a
toroidal core, TDK: HF70 T, whose dimensions are
100X12X7 mm. The switching device, MOSFET, is driven
by an international rectifier IR2110 gate driver. IC 6N137
is used for isolation purposes. The converter parameters are
the same as those used in simulation studies. Buffer circuits
are used in between the power converter sensors, voltage
and current sensors, and the DSP for safe operation of the
ADC channels.

Initially, the steady-state performance of the interleaved
boost converter is measured for different input voltages,
load values and duty ratios. However, few performance
measurements were given here for verification. For one
particular duty ratio, 0.5, and input voltage, 25 V, the
steady-state voltage gain variation and efficiency variation
with load power is measured. The results are plotted in Fig.

2] T T T T T T T v T 3
3
P UV I TT AV TARRUENFLTRVEATRRENFIVET AT
\L’
* 16
o, 30 F
& i EEN
& s e idua| 2
*S mf 4+ ‘g
E ‘f\': 1y
K IR PP T PTTTUTRPrPTITTITVITPIY Ao
2
10 ‘Lx Rt J
,} . . . . l,,
o 08 2008 Mz 16 DX
Tima {ms)
Fig. 5 Enlarged steady-state waveforms
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Fig. 6 Experimental efficiency and voltage gain variation
with load power

6. These measurements indicate that the voltage gain of the
converter is decreasing with increasing values of load
power. This is mainly due to the voltage drop occurring in
the non-idealities of the converter. Theoretically at duty
ratio of 0.5 the converter should give almost twice the input
voltage. In this case input voltage is 25 V and load voltage
obtained at a load of 100 W is 47.03 V. The difference of 3
V is dropping down in the converter parasitic elements. The
measured efficiency variation of the converter, for different
loads is also plotted in the same figure.

The sliding mode controller is implemented using an
Analog device ADMC401 DSP EVM module. The inputs
to the DSP are the analog load voltage and voltage
proportional to inductor current signals, within the range of
2.0 V (4 V peak-to-peak), which are given to the
independent ADC channels available on the ADMC
processor board.
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Fig. 9 Dynamic response of load voltage, current and source
current at 100 kHz (source disturbance).

The controller algorithm processes these sampled voltage
and current signals and sends out a PWM signal of
appropriate duty ratio over the programmed PWM
channels.
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Fig. 10 Enlarged waveforms under closed loop control
conditions at 100 kHz
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Fig. 11 Dynamic response of load voltage, current and source
current at 150 kHz (load disturbance)
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Fig. 12 Dynamic response of load voltage, current and source
current at 150 kHz (source disturbance).

These channels are connected to the MOSFET drivers
through an isolating opto-coupler. The experimental
converter steady-state waveforms were measured and these
are shown in Fig. 7. The experimental observations of
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large-signal responses against source and load disturbances
are taken for an operating frequency of 100 kHz: (i) load
resistance change from 25 — 19 Q, (ii) supply voltage
change from 30 — 23 V, and these results are given in Figs.
8 and 9. These results indicate that the load voltage is
remaining constant at the reference voltage of 50 V with a
small amount of superimposed ripple. These observations,
Figs. 8 and 9 are in close agreement with those obtained
from simulation results shown in Fig. 3 and 4. For
illustration of closed loop steady-state performance, the
waveforms are recorded for one operating condition and
these are shown in Fig. 10. To demonstrate the controller
effectiveness a set of experimental results, for the identical
conditions as mentioned above, were measured for the
operating frequency of 150 kHz and these are shown in
Figs. 11 and 12. Comparing these dynamic responses,
obtained at 150 kHz, with Figs. 8 and 9 reveals that slight
improvement in the dynamic response time. However,
increasing the switching frequency increases switching
ripple in the load voltage.

The experimental results closely match with those
obtained from the simulated results. However, slight
discrepancies in the experimental and simulation results are

mainly due to the voltage drops in the parasitic components.

In simulation the input supply voltage is stiff even if the
load is increased. However, in an experimental system the
source voltage slightly decreases with an increase in load.
Due to this fact simulation results are slightly different
form the experimental values. Furthermore, the analysis
was made on the assumption that all the switching devices
are ideal, i.e. in the modeling, non-idealities of the
converter such as forward voltage drops, on-state
resistances of the switching devices and other parasitic
components are not taken into account. In simulation the
step disturbance created is instantaneous while in the
experimentation the step disturbances were created
manually which may not be considered sudden step as that
created in the simulation profile. Another important point is
that, while developing simulators, developers normally
provide their own equation solvers, which mainly restricts
the step size for a given problem during simulation.
Because of these facts the experimental dynamic responses
were slightly different from simulated responses.

5. Conclusions

A mathematical model for the interleaved boost
converter operating in continuous current mode was
developed first and then a fixed frequency sliding mode
controller was designed to achieve load voltage regulation.
Necessary and sufficient conditions have been deduced
using variable structure theories. Effectiveness of the
proposed sliding mode controller for the interleaved boost
converter was demonstrated using PSIM simulations.
Detailed implementation of the discrete sliding mode
using ADMC401 was discussed and
different
frequencies. These results demonstrate that the dynamic

controller

implemented in real-time for switching
response can be improved slightly by increasing the
switching frequency. However, we can't implement very
high switching frequencies, which are mainly restricted by
the sampling frequency of the ADC's and maximum

operating frequencies of the switching devices.
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