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Abstract—The design of a multi-loop control system for a
Stacked Interleaved Buck Converter (SIBC) is presented in this
paper. Starting from the SIBC model, which reveals a
significant coupling among the several voltage and current
variables, a nested control loop structure has been defined to
regulate the SIBC output voltage, branch currents and voltages
simultaneously. The proposed design approach is based on the
dynamic decoupling between the different control loops, which
has been achieved by an appropriate management of SIBC
model, as well as by introducing suitable auxiliary variables.
The effectiveness of the proposed control system has been
verified in simulations, which regards the tracking of a given
reference output voltage profile in case of different and variable
output currents.
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1. INTRODUCTION

The decline in crude oil supplies, the political instability in
regions with large oil reserves, and strict regulations on
emissions in several countries have highlighted the need for
alternative fuels [1] and innovative energy carriers, such as
hydrogen produced from Renewable Energy Sources (RESs)
[2]. However, the natural variability that characterizes RES
production is well known, and this does not comply with
hydrogen production by electrolysis of water, which requires
stable and consistent electrical power supply. Therefore, the
use of power electronic conversion systems are needed to
interface RES with electrolysers in order to eliminate
voltage/current/power  fluctuations, thus  successfully
controlling their production.

Electrolysers operate at very low DC voltages, and require
smooth and reliable power supplies [3]. Consequently, a direct
power supply from the electrical network is not possible
because of its AC nature, and due to rated grid voltages much
higher than those required by electrolysers. A direct supply
from photovoltaic cells or modules is problematic as well,
because of their inherent power oscillations due to variable
weather conditions. In this regard, it has been demonstrated
that power supply oscillations significantly impair efficiency
and useful life of electrolysers, whether they occur at high or
low frequencies [4], [5]. Stacking several photovoltaic and
electrolytic cells could be a solution to cope with voltage
mismatches, but the number of cells that can be stacked is
limited, not allowing reaching adequate power ratings [5], [6].

Power electronic converters are thus needed to interface
electrolysers with different power supplies. However,
conventional configurations enable a fair voltage adaptation
with increasingly higher efficiencies, but they are
characterized by high output current ripple. For this reason,
novel configurations have been designed to achieve constant
output current and voltage. Among these, the Stacked
Interleaved Buck Converter (SIBC) is able to suppress the
output current ripple by a suitable circuit topology and an
appropriate switching pattern [3], [5], [6], [7], [8], [9], [10], so

it is particularly suitable for electrolyser supply. Despite the
operating principle of the SIBC is quite straightforward, the
increased number of its devices compared to conventional
configurations make its control system difficult to design. As
a result, simplified control approaches can be employed, but
SIBC dynamic performance cannot be optimized properly.

In this context, an advanced control system for SIBCs is
proposed in this paper. Differently from conventional
approaches, which generally regulate the output voltage
directly through the duty cycle, the proposed control system
consists of several nested control loops that regulate output
voltage, branch currents and voltages in cascade to achieve the
desired dynamic and steady-state performance. This goal has
been achieved by an accurate management of the several
cross-coupling effects that occur among different current
and/or voltage variables. In particular, the dynamic
decoupling between adjacent control loops has been imposed,
as well as introducing auxiliary variables to improve the
dynamic performance of the inner control loops. The
effectiveness of the proposed SIBC control system has been
verified by a simulation study, which regards the supply of an
electrolyser by tracking a given reference output voltage at
different operating conditions.
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Fig. 1. Schematic representation of an SIBC.

II. SIBC OVERVIEW

A. Operating principle

Considering the overview of the SIBC shown in Fig. 1, it
consists mainly of two branches, namely the P and the S
branch. The P branch can be modelled by an inductor (Lp) and
its series resistance (7p), and it is alternatively supplied by the
input voltage (viv) or short-circuited depending on the state of
the switches Tp™-TpO. The task of the P branch is carrying
the DC current from the input to the output stage of the SIBC,
storing energy into Lp during the P-ON state (Fig. 2a), by
delivering it to the output capacitor (Cp) and the load during
the S-ON state (Fig. 2b). Differently, the S branch consists of
an inductor (Ls), its series resistance (7s), and a capacitor (Cs).
The latter is alternatively charged and discharged during the
S-ON and P-ON states, respectively. Consequently, its voltage
can be kept constant at steady-state operation, meaning that
only an AC current component can flow through the S branch
at this operating condition.



Fig. 2. SIBC operating states: a) P-ON, and b) S-ON.

Regarding the switches, the SIBC requires driving Tp("-
TsO with the same command signal (o), and TpO-Ts™ with its
complimentary signal. Assuming twin inductors (rp = rs =7,
Lp = Ls = L), this results in the AC current components
flowing into P and S branches being opposite to each other,
thus no load current ripple theoretically occurs, as shown in
Fig. 3; this is the main advantage of employing the SIBC
configuration. In particular, the current ripple cancellation
effect enables smaller inductors than traditional DC-DC
converters as there is no need for filtering high-frequency
current components, with a reduction in weight, size and costs,
as well as lower losses and, therefore, better efficiency [13].

B. Mathematical modelling

Considering the SIBC operating states shown in Fig. 2, the
command signal o shown in Fig. 3, and assuming twin
inductors, the mathematical model of the SIBC can be
expressed as

P s
=i, +ig —1i,

dt

vy =ri, +L%+VP , CPdL
dt

di p (1)
(l—a’)le =ri +Lﬁ+ Ve +v,, Csﬁz i

where 7 and v denote currents and voltages of P branch, S
branch, and load. It can be seen that the output voltage (vo =
vp) depends on the load current and on the sum between P and
S currents. Consequently, summing the P and S voltage
equations to each other yields

di
dI;S +vg+2v, (2)

Vyy =Fipg +1L

in which ips = ip + is. The latter equation does not depend on
a, revealing that ips can be controlled by vs because vy and vp
are generally constrained by input and output voltage
requirements.

The average mathematical model of the SIBC can be
achieved by replacing the command signal o in (1) with its
duty cycle (d), leading to:
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dt dt
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where = denotes average values. Therefore, at steady-state
operation (d = D), neglecting resistive voltage drops yields
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Fig. 3. SIBC command signal () and current ripple cancellation effect.
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vy =DV,

In conclusion, (5) states that the output voltage is always
smaller than the input voltage, confirming the buck effect.
Also vs has a magnitude always smaller than vy, but it can be
either positive or negative depending on D < 0.5 or not.

III. CONTROL SYSTEM DESIGN

The overview of the proposed SIBC control system is
shown in Fig. 4, which consists of a number of nested control
loops, each of which is based on a Proportional-Integral (PI)
controller. Assuming that the electrolyser model is unknown,
the outer control loop regulates the output voltage to the
desired reference value; given (3), this task can be
accomplished through ips, which, in turn, can be controlled by
vs in accordance with (4). Finally, vs can be controlled by d in
accordance with (3), as detailed in the following subsections.

A. Output voltage control loop

This control loop has been designed based on (3);
particularly, the output voltage can be controlled through ips,
whose reference profile can be synthesized by a PI controller.
In this regard, even if a feedforward compensation of iy is
concerned, a PI controller is needed in order to account for
simplified modelling, uncertainties, and leakage currents.
Therefore, the system and PI controller transfer functions are:
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where s is the Laplace’s variable, while k™ and k/® are the
proportional and integral gains, respectively. The closed loop
transfer function is thus
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Consequently, assuming kp® large enough, Wp has one zero
(z) and two real poles (p; and p> > p;), whose values depend
on the PI controller gains; as kp™ increases, p> converges to z,
whereas p; decreases. Consequently, the dynamic
performance of this loop depends on p; mostly, which can be
set at the desired value. Furthermore, the residual of p; can be
set sufficiently large (i.e. £ times that of p,, with £>> 1) in
order to achieve a proper zero-pole cancellation effect. As a
result, given the desired bandwidth £, the following design



Fig. 4. The proposed equivalent block control scheme of the SIBC.

equations hold:
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B. Intermediate current control loop

The ips control loop is designed in accordance with (2). In
particular, assuming that vp varies sufficiently slower than ips,
it can be assumed almost constant in (2) for ips control system
design purposes, leading to the following transfer function:
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Therefore, ips can be controlled by v., through a PI controller,
whose gains can be set in order to achieve a zero-pole
cancellation and the desired bandwidth (£.7Y) as

KPS =g fL, ) = ). (10)

r
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C. Inner voltage control loop

Considering that ips is controlled by ve4, and given (9), the
only variable available to drive v, to its reference value is v,

because vy is constant, and vp is constrained by its outer
control loop. Consequently, (3) leads to:
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The transfer function between vs and an auxiliary input volage
can be thus expressed as

w1
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Since G has two poles and no zero, va.. is not a suitable choice
to control vs directly. Consequently, the additional variable
Uaux 18 Introduced as

N 6T _ 1 lirs
“ LCs s*+5s+t

(13)

vaux N —

1+7s u

As aresult, by regulating vs by ua. through a PI controller, the
closed-loop transfer function becomes
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Given (13) and (14), different scenarios may occur depending
on the values of the poles of Gs, which can be denoted by p;
and ps > p; in the following; in case they are real, T and &/
can be chosen suitably to achieve a double zero-pole
cancellation, leading to

k1 L s
P|p3’P4E%_LCS S+%’ = p}’ k[ =—Kp Dy (15)

Therefore, &, can be chosen to achieve the desired
bandwidth (£®) as

K =27 f9LC, (16)

Otherwise, i.e. p; and py are complex, 7, k¥ and &, should
be chosen synergistically based on (14) to achieve the desired
dynamic performance and two fair zero-pole cancellation
effects in the closed-loop transfer function.

Once the reference uaq. profile has been achieved, it can be
tracked by van and, thus, by d, in accordance with the
following relationships:

= (u) (u)
G =t L g K (ka] (17)

v l+zs’ ' s K
In particular, by imposing the desired bandwidth (£./) and the
zero-pole cancellation, the PI controller gains can be
computed as

=27 Y, kY =k (18)

In conclusion, it is worth noting that an appropriate
dynamic decoupling should be imposed so that

fc(P) <fc(PS) <fc(S) <fc(u) <f (19)
where f; denotes the SIBC switching frequency.

IV. SIMULATIONS

A. Setup

The proposed SIBC control system has been verified
through simulations in MATLAB-Simulink; the simulation
setup is shown in Fig. 5, while system and control parameters
are resumed in TABLE I. and TABLE II. , respectively. In
particular, the bandwidths have been designed in accordance
with both (19) and the procedure described in the previous
section, while the electrolyser is modelled by means of a
current source.
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Fig. 5. Simulation setup.
TABLE L SIBC PARAMETERS

Parameter Value Unit
Vv 24 \%
Vo 8 \%
Ton 25 A
rp, I's 60 mQ
Lp, Ls 400 nH
Cp 100 pnF
Cs 0.1 F

TABLE II. CTRL SYSTEM PARAMETERS

Parameter Value Unit
kp® 10.5 mA/V
k™ 98.7 mA/V/s
kp™S 0.63 V/A
k™ 94.2 V/A/s
k™ 5.0 -
kS 7000 1/s
kp™ 125.6 -
k™ 6283.2 1/s

Simulations regard the start-up of the SIBC at first;
particularly, the reference voltage signal varies from 0 to 8 V
in 1 s, after which it becomes constant, while output current is
kept constant at zero. At 2 s, the output current is linearly
increased from 0 to 25 A in 4 s, then it is kept constant for a
while. Starting from 10 s, a ramp-decreasing current is also
concerned, i.e. iy is reduced from 25 A to 12.5 A in 2 s to test
the effectiveness of the proposed control system at different
operating conditions.
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Fig. 6. The vp and ips reference and actual evolutions.
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Fig. 7. The vs and u,,, reference and actual evolutions.

B. Results

Simulation results are shown from Fig. 6 to Fig. 10.
Focusing on SIBC start-up at first, it can be seen that vp" is
very well tracked (Fig. 6), although a small overshoot occurs
immediately after v," reaches its constant value. Even better
tracking performance have been achieved for all the other
reference profiles (ips”, vs", and uq, ", Fig. 6-Fig. 7), while the
duty cycle d (Fig. 8) increases from 0 to its corresponding
steady-state value (~0.33). It is worth noting that ips is very
small during SIBC start-up as no load current occurs, so it
cannot be detectable in Fig. 6. However, appropriate current
control is revealed by Fig. 9, which shows that ip increases and
is decreases in a symmetrical fashion so that vp and vs can be
driven to their corresponding reference value. Once vp* has
been achieved, both these currents are restored at zero apart
from the inherent ripple due to the SIBC switching.

When iy increases, a small vp drop occurs at first (Fig. 6),
after which vp is restored to its reference value. Small but
sudden variations transiently occur on v," and ua." (Fig. 7), as
well as some dips and/or spikes on d, ip, and is (Fig. 8-Fig. 9);
these are caused by the vp drop, which forces all the other
variables to compensate for it. Similar considerations apply
when iy reaches its maximum value (at 6 s), as well as for the
subsequent decreasing ramp (from 10 to 12 s), thus revealing
the effectiveness of the proposed control approach.

In conclusion, the steady-state current evolutions are
shown in Fig. 10, which refer to six switching time intervals
around 15 s. This figure reveals the achievement of the current
ripple cancellation effect as ip variations are opposite to is,
thus leading to a negligible current ripple on ips, as expected.

V. CONCLUSIONS

A cascade control system architecture for a Stacked
Interleaved Buck Converter (SIBC) to supply an electrolyser
is presented in this paper. It consists of a number of nested
control loops that aim at achieving adequate dynamic
decoupling among the main SIBC variables, as well as
enhanced dynamic performance in regulating the output
voltage of the converter. The effectiveness of the proposed
approach has been verified by a simulation study, which
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Fig. 8. The evolution of d.
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Fig. 9. The ip, is, ips, and iy evolutions.



time [s]

0s

2 AVAVAVAVAVAY

time [s]

[A]

i =i,

_ 12504
o PS [}

12.5

z
712496

time [s]

Fig. 10. The ip, is, ips, and i, evolutions at steady-state operation.

reveals a good SIBC operation at different operating
conditions. Several further improvements can be introduced,
among which an enhanced design of the proposed control
system by considering the electrolyser model. The latter also
enables adding a further outer control loop to regulate the
electrolyser current appropriately. These and other aspects
will be investigated in future works, as well as experimental
validation.
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