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On modeling and real-time simulation of a robust adaptive controller
applied to a multicellular power converter

Introduction. This paper describes the simulation and the robustness assessment of a DC-DC power converter designed to interface a
dual-battery conversion system. The adopted converter is a Buck unidirectional and non-isolated converter, composed of three cells
interconnected in parallel and operating in continuous conduction mode. Purpose. In order to address the growing challenges of high
switching frequencies, a more stable, efficient, and fixed-frequency-operating power system is desired. Originality. Conventional sliding
mode controller suffers from high-frequency oscillation caused by practical limitations of system components and switching frequency
variation. So, we have explored a soft-switching technology to deal with interface problems and switching losses, and we developed a
procedure to choose the high-pass filter parameters in a sliding mode-controlled multicell converter. Methods. We suggest that the
sliding mode is controlled by hysteresis bands as the excesses of the band. This delay in state exchanges gives a signal to control the
switching frequency of the converter, which, in turn, produces a controlled trajectory. We are seeking an adaptive current control
solution to address this issue and adapt a variable-bandwidth of the hysteresis modulation to mitigate nonlinearity in conventional
sliding mode control, which struggles to set the switching frequency. Chatter problems are therefore avoided. A boundary layer-based
control scheme allows multicell converters to operate with a fixed-switching-frequency. Practical value. Simulation studies in the
MATLAB / Simulink environment are performed to analyze system performance and assess its robustness and stability. Thus, our
converter is more efficient and able to cope with parametric variation. References 17, figures 6.

Key words: multicellular converters, sliding mode control, high switching frequency, hysteresis modulation.

Bcmyn. 'YV cmammi onucyemovcsa molenioanns ma OyiHKa HAOIHOCMI CUNOB020 NeEpPemeopiosaya NOCMINHO20 CMpyMmY,
NPUSHAYEHO020 05 83AE€MOOII i3 cucmemoro nepemeopenns 3 0goma bamapesamu. Iputinamui nepemeoprosay € 0OHOCHPAMOBAHUM |
Heizonvosanum nepemeopiogavem baxa, wo cxnadacmvcs 3 mpbox napanenvHo 3 €OHAHUX Midic cobol ocepedkis, wo npayoms 6
pedcumi besnepepsnoi nposionocmi. Mema. /[ns supiwienns npodaem, nog A3aHux 3 BUCOKUMU YACTNOMAMU NePeMUKANHSA, NOMpPioHa
binbw cmabinvha, epexmusna cucmema dicueients 3 Qikcosanoio yacmomoro. Opuzinansuicms. 3uuaiinuii pe2yiamop Ko83HO20
pedxcumy cmpaxicoac 8i0 BUCOKOYACMOMHUX KOAUBAHb, BUKTUKAHUX NPAKMUYHUMU OOMENCeHHAMU KOMNOHeHmis cucmemu ma
3MiHOI0 uacmomu nepemuxants. Omoice, Mu OOCHIOUNU MEXHONO2II0 M SIKO20 NepeMUKAHHA Oia upiutenHs npobnem inmepelicy ma
KOMYMayiiHux empam, a maxojc po3poounu npoyedypy eubopy napamempie Qinbmpa eepxuix uacmom y 6a2amoocepeokoeomy
nepemeopiosadyi 3i k063num pedxcumom. Memoou. Mu npunyckaemo, wjo KOG3HULL PeiCUM YNPAGIAEMbCA CMy2amMu 2icmepesucy aK
Haonuwkamu cmyau. L{a sampumka obminy cmanamu O0ae cueHan YHPAGLIHHA YACMOMOIO NepeMUKanis nepemeoprosayd, AKUi,
CBOCIO Hep2oio, CMBOPIOE Keposany mpackmopito. Mu uiykaemo piuients 015l a0anmueHo20 Kepy8ants CIMpyMOM, uwjoo eupiuiumu yio
npobnemy i adanmysamu 2icmepesucHy MoOyIayiio 3i SMIHHOIO CMY2010 NPONYCKAHHA 07151 NOM SIKUWEHHS HeNIHIIHOCMI ) 36UYAIHOMY
KOB3HOMY pedcumi Kepy8aHnHsl, sKe WOoCUlU HAMA2AEMbC 6CIMAHOBUMU YACTNOMY nepemMukanus. Takum YuHom 60acmvCsa YHUKHYMU
npobaem i3 depenuanuam. Cxema Kepy8anHs HA OCHOBI NPUKOPOOHHO20 APy 00360€ NEPEmBopIoauam 3 KilbkoMa ocepeokami
npayioeamu 3 @ixcosanoio uacmomoro nepemuxanus. Ilpaxmuuna uinnicmse. Imimayiiine molenioganHs y cepedosuwyi
MATLAB/Simulink euxonyemucs 015 ananizy npoOyKkmueHocmi cucmemu ma oyinku ii Haoiunocmi ma cmabinenocmi. Takum uunom,
Haw nepemeopro8ay eqhekmugHiuuLl i 30amuull CnpasIamucs 3i sminoio napamempie. bion. 17, puc. 6.

Knrouosi cnosa: daratoocepekoBi nepeTBopoBayi, KOB3He YIPABJIiHHS, BUCOKA YACTOTA NIePeMUKAHHS, ricTepe3ucHa MOAYJISALIs.

Introduction. Designing a dual-battery 12/48 V
conversion system is challenging because it requires careful
management of power transfer from the 48 V rail to its 12 V
rail [1, 2]. One option is to use a buck unidirectional DC-DC
converter located between the 12 V and 48 V batteries. This
converter can be used to step down the voltage and transfer
power between batteries. The introduction of unidirectional
DC-DC converters, simplifies design, reduces cost and
encourages adoption in low-cost cars [3]. The power
distribution network also has the ability to detect faults in
auxiliary loads as well as turn these loads on and off. The
power distribution network is implemented with two main
systems: the auxiliary power system, which consists of a
2.4 W buck converter with current limiting control circuits at
12 V. The other system is the control system, which is
developed using microcontrollers and autonomous
controllers [4].

In addition, DC-DC power converters are ideal
candidates in many applications such as electric vehicles,
fuel cells and others. They have been the subject of much
research over three decades [5-9]. The control of these
converters has often been implemented using pulse width
modulation and discrete component and integrated circuit
techniques in different anterior research work that have

reached its limits [10, 11]. Besides, nonlinear sliding mode
controllers represent a very promising strategy for parallel
multi-channel converters integrate control techniques with
numerous sliding surfaces and an intrinsic variable. They are
simple to develop, robust, and respond well in transient and
steady conditions. Furthermore, they limit switching
frequency variation, reduce inappropriate transient response,
and achieve a proper balance of transient and stationary
performance [12-14]. This drives us to propose a sliding
mode controller implementation based on the hysteresis
function. The technology is simple to use and does not
necessitate the use of any additional auxiliary circuits or
sophisticated computations. Previous research indicates that
the main barriers to using sliding mode control are two
interrelated factors: chatter and excessive activity of control
actions [15-17]. The amplitude of chattering is clearly
acknowledged to be linked to the magnitude of a
discontinuous controller. These two issues can be dealt with
concurrently, if the magnitude is limited to a minimal
recommended levels determined by the sliding mode’s
existence criteria. In such a highly interesting context, we
developed an adaptive sliding mode controller. It can be used
to decrease chatter, with the purpose of ensuring an adaptive
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and dynamic control. The main concept behind the
adaptive control technique is to create systems that
display the same dynamic features under relevant
uncertainty situations and adequate to overcome
uncertainties and disturbances. This method will be
thoroughly discussed in the remainder of our study. The
body of the paper is structured as follows:

In the converter topology and mathematical model
section, we will explain and model the adopted system. In
the controller design section, we will examine the hysteresis
modulation-based sliding mode controller. In the simulation
results and stability analyses section, we will discuss the
simulation findings and analyze the effectiveness of the
control measures. And we will end with a conclusion.

Converter topology and mathematical model.
Figure 1 depicts the multicell DC-DC buck converter
under investigation. It consists of three identical modules
coupled via a resistive load R and a filter capacitor C to a
continuous DC input voltage source V;. Each module is
built around a power MOSFET S, an antiparallel diode D,
and a filter inductor L. It’s important to note that the
parallel switching buck converter works in continuous
conduction mode. In other words, the 3 cells are identical,
each cell have the same value of the inductor L. The
converter may be described by an equation system based
on a mathematical model with mean values, and the
system dynamics of the examined converter can be
defined as follows:

dI,;

L—L=V,-D-Vy; 1
o 0 (1)
dr, Vo

c—9=1,+92, 2
o it (2)

where I, is the current that flows via inductance j = 1, 2, 3;
I, is the current at the converter’s output; V; is the input
voltage; Vy is the converter’s output voltage; D is the

duty cycle.
The condition of space is expressed as follow:
X = Vref —Vo;
. dv, 1
v =i =-o_ (3)

dr C.(Vo_ j[u'Vf—Vojdtj
R L

where V. is the required output value.
_ . Phasel = Output filter |

Vi

Controller design. We develop a robust control
strategy in a way that our multicell buck converter
become more stable, more efficient and able to cope with
parametric variation.

At this level, our interest is to explore an adaptive
feedback current control approach to tackle this difficulty,
by using a variable-bandwidth hysteresis modulation to
limit the nonlinearity phenomena in traditional sliding
mode control to fix the switching frequency. The
reconfiguration of the (3) helps us to design the sliding
mode voltage controller:

X 0 1 X 0 0
{ } _ b { } Vi |4t Ve |- D
2 Lc  RCIL2D |70 IC

We can determine the switching function u, by
taking into account the estimated state trajectory
including the control parameters x; and x,. Clearly, the
basic principle of sliding mode control is to design a
control law that will direct the trajectory of state variables
to a desired operating point. In the case of the buck
converter under study, it is appropriate to have a control
law that adopts a switching function such that:

1

2. (1 + sign(S)) ’
where u is the logic state of the power switch of the
converter; S is the path of the instantaneous state.

The proposed control scheme shown in Fig. 2
requires that the instantaneous information on the two
converter states x; and x, be fed into the controller to
produce the control signal u as described in (5).

(6))
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Fig. 2. Variable band-width hysteresis modulation-based sliding
mode current controller

The method of implementing the sliding mode
control is to use a relay of the sign function with the
calculated trajectory S as shown in Fig. 3. This method is
commonly used and known as the conventional strategy
of the sliding mode, as illustrated in Fig. 4.

When u = 1, the phase trajectory for any arbitrary
starting position on the phase plane will converge to the
equilibrium point (x; = Ve — Vo; x, = 0), after a finite
time period. Similarly, when u = 0, all trajectories
converge to the equilibrium point (x; = V5 x, = 0). Thus,
the sliding surface is defined by:

S=Kp Vs =Vo )+ K p2-io: (6)
1 1
| Kplz 5 szz——. (7)
. - . c C C
Fig. 1. Paralleled-multicellular converter
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Fig. 4. Diagram of the controller in conventional sliding mode

Given this, it is simpler to reconfigure the switching
function as described below:
1

S = —ip.
Ic '(Vref _VO)

The control is applied simultaneously without phase
shift to the three topologically identical cells of a non-
isolated and asynchronous converter. The objective is to fix
the switching frequency of the converter by referring to an
adaptive feedback approach. For this purpose, we integrate
a hysteresis modulator and develop a variable hysteresis
band function to mitigate the non-linearity phenomenon of
the conventional sliding mode. Then, we apply an adaptive
feedback current control technique to overcome the
dilemma of variable switching frequency. Still in order to
ensure the fixed frequency operation of the proposed
hysteresis modulator, a requirement is imposed, and that
the hysteresis bandwidth must satisfy it, is:

A_oM[V_o]

®)

B ©)

var—width = 5 2L fw \ ¥,

The converter control scheme has two modes of
operation: one when the error paths are outside the
boundary layer and the other when they are inside the
boundary layer. The boundary layer, which varies in time,
is formed by a frequency ramp signal (fw = 1/T). The
boundaries of this layer correspond to the maximum and
minimum values of the ramp. Figure 5 duplicates the
control scheme of the variable band hysteresis model
based on the sliding mode. At the beginning of each
switching cycle, we determine whether the error paths are

within the limits of the time-varying ramp and, based on
this, we determine the operating mode.

Simulation results and stability analyses. In this
section, and to properly study the behavior of the closed-
loop multi-cell DC-DC buck converter and the evaluation
of its performance under stable and dynamic conditions,
several robustness tests have been performed to analyze
the sensitivity of the implemented strategies to the
variations of the converter parameters.

Figure 6 shows the response of the output voltage and
the output current of the converter to parametric changes. It
seems clear that the system operating with the sliding mode
controller combined with a variable band hysteresis
modulation obtains a better compromise from transient to
steady state. Thus, its transition response is smoother, more
stable, without overshoot and with less oscillations.

Figure 6,a shows the output voltage response and
output load current response when the system undergoes a
change in output reference from 8 V to 12 V. The switching
from one value to another is almost similar is characterized
by high precision with a relatively short transition time.

Figure 6,b shows that, during an increase/decrease in
resistance every 0.2 s, the closed-loop output voltage
response exhibits an undesirable transient drop that lasts a
few seconds followed abruptly by a steady state.

Figure 6,c shows the output voltage response and the
output load current response when the system undergoes a
change in supply, every 0.2 s, it varies between 40 V and
60 V and the output voltage is regulated to 12 V. There is
a slight increase in amplitude, however, the output voltage
and output load current vary around the reference value.
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The simulations performed show extremely
encouraging results regarding the efficiency and
robustness of reference tracking, the control law allows
a faster rejection of the effect of load change. These
results demonstrate the effectiveness of the sliding mode
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control for such a type of converter and mainly for a
dual-battery conversion system. This finding highlights
the key contribution of our work: we obtain a large
reduction of the switching frequency variation thanks to
the suggested technique.

function sgn = fcn (HBmax,HBmin, I)
%¥#Variable Hysteresis Band
(HBmax>T) &£ (I=HBmin)

sgn=1;
else

Scope

sgn=0;
end

Fig. 5. The control scheme of the variable band hysteresis model based on the sliding mode
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Fig. 6. Response of the output voltage V', and output current iy of the converter to parametric changes:

a) Variation of the reference voltage V. from 8 V to 12 V;
b) Increase/decrease of the load R from 10 Q to 22 Q;
¢) Increase/decrease of the input voltage ¥; from 40 V to 60 V

Conclusions.

It is found that the sliding mode based variable
bandwidth hysteresis control is favored as it provides
superior performance in both source voltage disturbance
rejection and load transient response with greatly desired
output voltage tracking and also provides high efficiency.

This sort of control has been shown to be effective in both
stability and trajectory tracking challenges. In addition, this
controller is faster to the point that the response time at 5 %
is mainly short. Its appropriate dynamic accuracy is
characterized by zero overshoot during the transient of the
output voltage response. Thus, it provided similar
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performance, improved dynamic drive and could adapt to
varieties of voltage and load. The use of variable bandwidth
hysteresis modulation and switching frequency fixing leads
to large-scale dynamics and allows the reduction of the
magnitude of the control action to the smallest achievable
value as well as finite-time convergence. The simulations
performed show very promising results in terms of reference
tracking performance and robustness. They prove the
relevance of the sliding mode control for this type of system.
Not to mention that paralleling switching cells favors the
increase of the output current, with a reduction of its
oscillations compared to the oscillations of the currents of
each phase.
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