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ABSTRACT In this article, the control of a photovalatic (PV)-battery-based dc microgrid is presented to
power an electrolyzer-based hydrogen system. The three-phase interleaving topology is considered for three
different converters: an interleaving boost converter, an interleaving four-switch single-inductor buck—boost
converter, and an interleaving buck converter. MPPT and droop-based control are recommended for maxi-
mum power extraction from the PV system and regulation of the dc-bus voltage. A cascaded hybrid nonlinear
controller is developed for current and voltage control, merging the advantages of both linear and nonlinear
control theory. The design ensures an uninterrupted power supply to the electrolyzer for hydrogen production.
The algorithm is simulated in MATLAB/Simulink and validated through rapid control prototyping using a TI
C2000 microcontroller unit (MCU) and a Typhoon 404 device for real-time results. Moreover, a comparative
analysis with other state-of-the-art control structures is also presented to show the efficiency of the proposed
controller. The simulation results, comparative analysis, and hardware results under different conditions
confirm the adaptability of the proposed control algorithms for real applications.

INDEX TERMS DC microgrids (MGs), multiphase interleaving converters, hydrogen systems, dc—dc con-
verter, current sharing control, Lyapunov theory, cascaded control.

NOMENCLATURE SMC Sliding-mode control.

Symbol Description ISMC Integral sliding-mode control.

ESS Energy storage system. IFSIBB Interleaving four-switch single inductor
BESS Battery energy storage. buck—boost.

HIL Hardware-in-the-loop. IBoost Interleaving boost converter.

C-HIL Controller hardware-in-the-loop. [Buck Interleaving buck converter.

CPL Constant power loads. SoC State of charge.

MG Microgrid. DC Direct current.

EV Electric vehicle. RES Renewable energy sources.

PI Proportional integral. HESS Hybrid energy storage.
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MPPT Maximum power point tracking.
KCL Kirchhoff’s current law.
KVL Kirchhoff’s voltage law.
fsw Switching frequency.
lload Load current.
1) Phase shift angle.
Raroop Virtual resistance.
X1 PV voltage.
X2 Current through inductors of IBuck.
X3 Output voltage of IBoost.
X4i Current through inductors of IFSIBB.
X5 Input voltage of IFSIBB.
X6 Output voltage of IFSIBB.
X7 Current through inductors of IBuck.
X3 Output voltage across electrolyzer.

Le1, Lo, and Le3

Ibess

Inductance of IBuck.
Load current for battery storage.

Ipv PV current.

Cpv Input capacitance of IBoost.
Co1 Output capacitance of IBoost.
Ly, Ly, and L3 Inductance of IFSIBB.

Chin Input capacitance of IFSIBB.
Chro Output capacitance of IFSIBB.

Ly1, Lyp, and Ly

Inductance of IFSIBB.

Cydc and Ceje Input and output capacitance of IBuck.

o, B, and y Positive constants.
N Total number of phases.
K; and K, Gains of PI loops.

u;, ub;, and ue; Duty ratios.

c1, ¢, and c3 Gains of nonlinear controller.
Tost Off-time interval.

Tsh Time shift.

I. INTRODUCTION

The transition to RES decentralizes energy production, re-
ducing transmission losses, and providing energy to remote
areas. HESS and MG are key solutions for the management
of renewable energy [1], [2]. HESS stores energy for use
when RES cannot meet load demand [3], balancing energy,
and power density through batteries, fuel cells, and superca-
pacitors [4]. MGs integrate RES, HESS, and loads through
power converters [5], [6]. Advances in dc—dc converters have
increased dc load adoption, enabling efficient dc MGs by
minimizing conversion losses, reducing costs, enhancing re-
liability, and supporting scalability [7], [8]. These MGs can
also be integrated with conventional grids for hybrid solutions
[9].

Among various emerging technologies, the hydrogen
energy system is considered to revolutionize the energy in-
dustry. Extensive research and development efforts have been
dedicated to advancing the production of hydrogen through
the electrolyzer [10], [11]. However, hydrogen production
requires a significant power input for the chemical process
[12]. RES, particularly solar and wind energy, have emerged
as promising candidates to power hydrogen production pro-
cesses. Integrating these renewable resources with electrolysis
technologies has tremendous potential to enable sustainable
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and environmentally friendly hydrogen production at scale
[13], [14]. Furthermore, hydrogen fuel is gaining attention in
the E-mobility sector in the form of fuel cell EVs due to their
long driving range and zero carbon emissions [15], [16].

Power converters play an essential role in modern power
systems, such as EVs and MG, but their high penetra-
tion raises concerns about stability and control [17], [18].
Advanced converters improve efficiency and safety with
high-power transfer capability [19]. In particular, multilevel
interleaving converters are gaining attention due to their low
output ripple, suitability for high-power applications, and
fault-tolerant configuration [20]. These converters operate by
connecting identical units in parallel with phase shifts [21],
improving efficiency, thermal management, and reliability
[22]. However, they require sophisticated control systems,
with various methods recently proposed [23].

In this context, the present article investigates the cascaded,
Lyapunov-based control of multiple interleaving converters to
power an electrolyzer for hydrogen production and feed the
CPLs in a dc MG. The dc MG can be termed as a multiagent
system in which different RES, power-converting units, and
loads act according to their dynamics. One of the key control
problems in the dc MG is to develop a decoupled control
strategy to enhance the overall performance and stability of
the system [1]. Previous research has mainly focused on a
single interleaving topology and control system for different
applications. However, the interactive system with multiple
interleaving converters has not been studied in depth [22],
[24]. One of the main goals of using a multiphase interleaving
topology is to develop electrolyzer applications where uninter-
rupted power flow is essential [25]. The main control objective
in managing this kind of interactive and multiconverter system
is to regulate the bus voltage and share the current among dif-
ferent phases of the interleaving topology [26]. Traditionally,
linear controllers based on the PI algorithm are recommended
for interleaving power converters [23], [27]. Linear controllers
are designed using the linearized model, which does not guar-
antee stability in large systems with multiple agents involved.
In most studies, only one converter with a single input and
single output is studied, which lacks a large-scale stability
analysis of the system [28].

In recent developments, model predictive and nonlinear
control approaches have been introduced to overcome these
limitations. For instance, in [29], a finite control set model
predictive control (FCS-MPC) strategy was proposed for
symmetric and asymmetric interleaving converters. The
control strategy optimally balances the different phases,
improving system stability and current sharing. However,
the high computational complexity of FCS-MPC can be a
major obstacle to large-scale implementation. In TI C2000
microcontrollers, a hybrid control approach is simple and
easy to implement because of simple arithmetic logics;
however, MPC for three different converters will use three
cost functions, which will take 60% of hardware utility due to
multiple iterations. To address this, a computationally efficient
modification of the optimization process using a modified
sphere decoding algorithm was introduced in [30], improving
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real-time performance while maintaining optimal control of
parallel power converters connected to the grid, reducing
circulating currents and enhancing the transient response.

Nonlinear control theory also provides an effective ap-
proach for maintaining large-signal stability in interleaved
converters. One such method, as presented in [31], ex-
plores the use of robust decoupled backstepping control for
multiphase interleaving converters. This approach enhances
stability and performance in dc MG applications, particu-
larly in power-to-hydrogen systems. Another study by Yuan
et al. [32] applies high dynamic nonlinear control with ac-
tive disturbance rejection control to interleaved synchronous
buck converters, demonstrating improved dynamic response
and disturbance rejection capabilities. In addition, nonlinear
adaptive controllers have been investigated to enhance effi-
ciency under variable load conditions. For example, in [33], an
improved tracking algorithm for interleaved dc—dc converters
used in photovoltaic systems was developed, highlighting the
potential of nonlinear control in renewable energy applica-
tions. Moreover, several nonlinear control strategies have been
proposed for different topologies of interleaving converters
[24], [34], [35]. These studies proposed sliding mode-based
backstepping and observer-based control for the interleaving
converter topology, but only symmetric boost converters in
stand-alone conditions were considered.

However, issues, such as the chattering effect of SMC,
the complexity of backstepping control, and extensive ob-
server design, can be improved. The limitations of linear
and nonlinear controllers presented in the literature are tar-
geted in this work by providing an alternative and suitable
solution.

This article investigates three types of interleaving power
converter in a dc MG. To solve the control problem, a
simplified, cascaded, Lyapunov-based hybrid controller is de-
veloped. The contribution of this study can be summarized as
follows.

1) A large-scale mathematical model of the dc MG with

interleaving power converters is developed.

2) A cascaded Lyapunov-based hybrid controller for a dc
MG system involving different interleaving converters
is derived and advised.

3) The large-signal stability analysis of the system is per-
formed using the Lyapunov theory. In addition, the
current-balancing approach is also used to minimize the
output ripples.

4) The proposed controller is compared with other studies
and control methods to demonstrate its performance.

5) The proposed control scheme is verified through numer-
ical simulation and real-time control prototyping.

A comparative analysis with closely related studies is pre-
sented in Table 1. The rest of this article is organized as
follows. Section II explains the structure of the dc MG and
the mathematical modeling of the system. Section III presents
a detailed discussion of control derivation and closed-loop
stability. Section IV describes the simulation results and dis-
cussion. Section V briefly discusses the C-HIL test and its
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TABLE 1. Comparative Analysis of Proposed Closed-Loop System

Refs. [40] [41] [42] Proposed
Controller PI DPI SMC PI+NL
CPL Test NO NO - YES

Converter Topology Quadratic Traditional TLIBC Interleaving
HESS Control - YES - YES
Large -signal Stability - NO YES YES
TABLE 2. DC MG Parameters and Values
PV system
Parameter Value
Number of panels (series * Parallel) 4%4
Number of cells per module 60
Open circuit voltage Voc 363V
Short-circuit current Isc 7.84 A
Capacitance Cy , Co1 10, 500 uF
Inductor L1 23 5e-4 H
Maximum Power Ppax 3.410 kW
Battery Storage System (BSS)
Battery nominal Voltage 120 V
Rate Capacity 120 Ah
Battery response time 10s
Initial SoC battery 80 %

J
3-Level Boost DC Load
PV System Conevter
I —>—
3-Level Buck Electrolyzer
Battery Storage 3-Level FSIB Conevter
Conevter

FIGURE 1. Power-to-Hydrogen system in dc MG.

results. Finally, Section VI concludes the article and provides
insight into future developments.

Il. MATHEMATICAL MODEL AND SYSTEM DESCRIPTION
The overall structure of the system that integrates RES, BESS,
load, and electrolyzer load is shown in Fig. 1. Three-level
dc—dc converters are deployed with each power source for
power sharing between the source and the dc bus. The compo-
sition of a dc MG consists of a photovoltaic panel used as the
main power source and a battery as the backup, which also
compensates for different power generation scenarios. The
parameters of PV and battery storage systems are shown in
the table below.

A. WORKING PRINCIPLE OF INTERLEAVED CONVERTERS

The three-phase interleaved converters consist of three par-
allel operating converters, each phase shifted by 120° to
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FIGURE 2. Per phase inductor current.

reduce the ripple of the input current and improve efficiency.
Each phase follows a switching cycle where an inductor stores
energy when its switch is ON and releases it when the switch
is OFF. The interleaving reduces the overall current ripple, as
the ripples from individual inductors partially cancel out. The
mathematical analysis for the interleaved boost converter is
given below. The output voltage is given by
Vin
1-D

where v,, vin, and D are the output voltage, input voltage,
and duty cycle. The total inductor current is the sum of the
three-phase currents

ip(t) =ip1(t) +ipa(t) +ip3(). ()

With interleaving, the total current ripple is significantly re-
duced. The three-phase interleaved boost converter inductor
current waveforms are illustrated in Fig. 2, where each induc-
tor current follows a triangular pattern and is phase shifted
by 120° (or 7;/3). Each inductor current rises and falls
triangularly, with each phase shifted by 7/3 to minimize
ripple in the total current. The ripple current analysis is the
same for IFSIBB and interleaving boost. However, the voltage

relationship is different and is given as follows:
D
Vo = Uim (3)

v, =i - D. 4)

&)

Vo =

The output current analysis for IFSIBB can be extended to see
how the multiphase IFSIBB prevents the output current from
reaching 0. When the n stage converter is controlled with a
multiphase pulse width modulation (PWM) signal, it means
that the PWM carriers have a symmetric phase shift. Hence,
the phase-shift time between the inductor current can be found
as

Th = —. ®)

Considering the ith phase while conducting its working on
Tih; otherwise, the time interval can be termed as 7o defined
as

Toge = (1 = D). (6)
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Nominal Current Dlscharge Characteristic at 0. 43478C (62. 6087A)
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FIGURE 3. Battery discharge characteristics.

In the three phases IFSIBB, the relation between Ty and Ty
is given as

Totr > T @)

However, when the inequality is inverted, the output current
can also have zero-valued intervals. So, the relationship can
be generalized to a threshold duty cycle value for which the
sum of the current never reaches zero [31]. The expressions
can be mathematically expressed as follows:

T(on,th)/(Tv) =Dh=m—1)/n (®)
Dy < (n—1)/n. )

Hence, to achieve all the advantages of the interleaving topol-
ogy, it is essential to develop a suitable control algorithm
and utilize phase-shifted modulation to generate shifted PWM
signals, thus balancing the current in each phase [31].

B. SYSTEM DESCRIPTION

The discharge characteristics of the battery model are shown
in Fig. 3. The lithium-ion battery model was used for anal-
ysis in this study. The graph is plotted during the different
current discharge values against the time value shown on
x-axis. The electrolyzer is a potential application to convert
electrical energy into hydrogen fuel. Renewable dc MG pro-
vides power for the electrolysis process through an IBuck.
The electrolyzer-dynamic equivalent electrical circuit model
is considered to test the proposed method against dynamic
behavior. The electrical behavior of the system is represented
in Fig. 4 by two branches of RC ( R,, C,) for the anode
side and ( R., C.) for the cathode side. These branches effec-
tively model the dynamic responses of the anode and cathode
under transient conditions. The presence of these branches
captures the intricate charge storage and transfer processes
within the electrochemical system during transient operation.
In addition to the RC branches, the resistor R,, models the
ohmic losses that occur in the membrane. This resistor ac-
counts for the voltage drop that arises from the membrane’s
inherent resistance to ion transport. Meanwhile, the overall
dc voltage is the reversible voltage ( E), which signifies
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— + |
R G ——wWv L C.
V E Rm
e — ¢ ¢
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FIGURE 4. Equivalent electrical circuit of the electrolyzer model.

TABLE 3. Electrolyzer Parameters and specifications [38]

Electrolyzer Stack Specifications

Specification Value

Rated power 400 W

Stack voltage 8V
Stack current range 0-50 A

Electrolyzer Model Parameters

Parameter Estimated Value
Rm 0.088 ©2
R, 0318 ©
Rc 0.035 ©
Cq 37.26 F
Ce 37.26 F

the energy converted to hydrogen during the electrochemical
reaction. The elemental parameters of the system, such as
R4, Cy, R, C., and R, are essential for characterizing its
performance under both steady-state and dynamic conditions.
A least squares regression technique is employed to estimate
these parameters accurately. This method allows calculating
the time constant associated with the transient behavior of
the system, providing insight into the rate with which the
system responds to changes in operational conditions [38].
The electrolyzer parameters are presented in the Table III,
the parameter values are taken from the literature where the
experimental configuration of the electrolyzer is presented
[38]. Hence, the presented electrolyzer model is used to test
the proposed algorithm instead of a simple load block to show
the adaptability of the controller.

C. STATE-SPACE AVERAGED MODEL OF THE SYSTEM

The interleaved three-level power converters are presented in
Fig. 5. In particular, a three-level boost converter connected to
the PV system is shown in Fig. 5. The basic working principle
of the converter is the same as that of a traditional boost
converter; however, in this topology, power can be transferred
through all three inductors simultaneously. Similarly, IFSIBB
and interleaving buck are advised for battery and electrolyzer
systems and are depicted in Fig. 5(b) and (c), respectively.
Switches Sy, .. ...S13 control the system to acquire the desired
current and voltages. The nonlinear dynamic model of the
system is developed considering the converter topology and
MG structure. The mathematical analysis is derived using
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KCL and KVL over one complete duty cycle. The average
mathematical model of the proposed dc can be represented as
follows:

1 N

i = — [ipy = Y _xii
Cov i=1

1

L;

N

) 1 X3

X3 = — E (1 = ui)x1; — —)
G <i=1 R

ol

Xoi = —(—=(1 —up)x3 + vpy)

. R;
X4 = <(P1 + Py)xsi + ITles—i-

4 ey, K b
—X U
RiL " RL :
R Ryrpi + Rreo
— X6 — ————X4i
RoL RoL
N
. 1 | Ri
X5 = Vv, — X5 — X4; - ub;
R Cpin R Cpin R Cpin ; C
N
. R 1 R
Xg = X5 — Xg — Zx4,- - ub;
RyCyo RyCyo Ry

i=1

. 1
X7; = —(xg + vqc - ue;)
Lei

(10)

Xg =

Here, i = 1,2, 3 represents each phase of the interleaving
converters. Equation (10) presents the eighth-order averaged
state-space model, further used for the control derivation,
where

Ri =Ri+R¢1, R =R+ R

are the sum of internal resistance. The state xj...xg shows the
input PV voltage, the current of the IBoost, the output voltage
of the PV-boost module, the input voltage of the IFSIBB
converter, the current of the IFSIBB, the output voltage of the
IFSIBB converter, the current of the interleaving buck and the
output voltage for the electrolyzer. u;, ub;, and wue; are the
system’s control inputs. The model-based control derivation
is explained in the following section.

1ll. CONTROL DESIGN METHODOLOGY
Designing a proper control system is crucial to achieving
efficient performance from all the sources and coordinates of
the system. The general control objectives can be subdivided
into the following points:
1) MPPT working of PV system and droop control design
for dc-bus voltage regulation;
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FIGURE 5. Three-level interleaving power converters in dc MG. (a) Three-level boost converter for PV system. (b) Three-level IFSIBB Converter for Battery

storage system. (c) Three-level buck converter for electrolyzer system.

2) Cascaded Lyapunov-based hybrid control for current
and voltage control and current balancing in Interleav-
ing converters;

3) Stability analysis of a large-scale closed-loop system.

The closed-loop photovoltaic system is designed to operate

with MPPT. An MPPT controller is recommended to extract
the maximum power, which is contingent upon temperature
and irradiance values to achieve this condition. As weather
parameters influence the PV power, the output PV power re-
mains variable rather than constant [39], [40]. The optimized
linear regression [40] gives the expression to get the MPP
using the temperature and irradiance value and expressed as

(1)

Here, vmppt, Temp, and Ly represent the MPPT voltage,
temperature value, and irradiance, respectively. Here, the con-
stant numeric coefficients represent the parameters of the
regression equation. The expression determines the maximum

Vmppt = 213.51 + 0.36099 - Top — 0.012 - Fiy.

VOLUME 6, 2025

power point, while the proposed cascaded controller tracks the

reference value and attains maximum output power. The tradi-

tional droop control method is proposed due to its simplicity

and good performance for dc-bus voltage regulation. The cur-

rent request from the BESS system can be expressed as

Ibess = lload — ipv' (12)

The output voltage reference for the IFSIBB converter can be
expressed as:

Vo2ref = Uyderet — Rdroop * Ibess- (13)

where Ryroop 1 the virtual resistance incorporated to regulate

the dc-bus voltage through the storage system. The Rgroop
can be expressed mathematically as [41]

VUdecmax — Vvdemin
Riroop = ——————— (14)

Ibmax
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N e Phase Shift
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Cascade Nonlinear Hybrid Controller

FIGURE 6. Proposed closed-loop control structure.

where Uygemin and  Uygemax are the maximum and minimum
allowable dc-bus voltage. ipmax 1S the maximum allowable
current of the IFSIBB converter. The droop control algorithm
aims to provide the dc-bus voltage regulation through BESS.
The general closed-loop control structure is shown in Fig. 6

to better illustrate the control strategy. The low-level cas-
caded control of power converters is derived and explained
below.

A. SWITCHING CONTROL ALGORITHM

Lyapunov’s theory provided a systematic way to approach
system stability in the time domain analysis. The theory has
a wide range of applications in different fields, including
intelligent energy systems. The so-called Lyapunov redesign
is known as a nonlinear control method that is purely based
on the Lyapunov theory. It works by designing control laws
through the system dynamics step by step, which helps man-
age nonlinearities and uncertainties effectively. This makes it
useful for systems like renewable energy setups and MGs,
where things can be unpredictable. Lyapunov-based control
adapts to changing conditions and disturbances, making it
robust and reliable. Plus, it provides a clear framework for
designing controllers, making it easier to understand and im-
plement. In this article, a cascaded lyapunov-based, hybrid
controller is advised for multilevel power dc—dc converters
operating in a dc MG. The term cascaded indicates the pres-
ence of two control loops (i.e., voltage loop and current loop
working in a cascaded form). The outer control loop is de-
signed using a linear PI regulator, and the inner loop is derived
using the Lyapunov theory, illustrating the hybrid control con-
cept. The error functions for the outer loop can be defined as

€1 = Umppt — X1
€2 = Vboref — X6 (15)
€3 = UVeleref — X8-
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The role of the voltage loop is to track the desired voltage
while generating the current reference. The mathematical ex-
pression for the designed PI regulator is expressed as

17 t 7
Oiref = 3 Kpi(er) +K,-1/0 (e1)
1T t 7
Xliref = 3 Kp(ez) + KiZ/O (e2)
1 ro
Kiiet = 5| Kpales) + Ki /0 (e3) (16)

where xi‘iref, xj{l.ref, and x;*iref indicate the reference values
for IBoost, IFSIBB, and IBuck, respectively. The inner loop
current controller is derived using the Lyapunov redesign
theorem. The theorem also provides information about the
stability of nonlinear time-varying systems. The system is
stable if the following theorem is justified [42].

Lemma 1: The nonlinear time-varying system is stable if

V(©0)=0

a(llel]) < V(e) < Allel)
Vie)=—y(lelD
lim; 00 V(1) = [le]| —> 00

A7)

where V (e) is the Lyapunov candidate function, and the idea
behind taking the Lyapunov candidate as a function of the
error signal is to determine the system stability in terms of
tracking. The variables «, 8, and y always have a positive
definite value. The inner loop error functions are defined as

. — * J— .
€di = Xpjre — X2i
€si = Xjror — Xdi (18)

. — — .
€6i = Xqjrer — XTi-
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Considering the following Lyapunov function:

1 1 1
V(€4,5,6) = Eeii + 56‘% + Eeé

Vesse) =Vi+Va+V3,V(e) = ETPE (19)

where the P matrix represents the eigenvalues of the system.
The Lyapunov function is then solved to obtain the switch
control law. For simplification, it is solved here for the eu;,
and the methodology can be extended to all error functions of
the inner loop. From (19), Vj is given by

1 2
Vl = 5641'.

Taking the time derivative of the Lyapunov function V| and
putting the value of e4; from the (18)

(20)

Vi = esi(és). (21)

To make the time derivative of the Lyapunov function, it can

be assumed
é4 = —C1¢€4;. (22)

However, as from (18), it is evident that the time derivative of
ey4; presented as

é4i = X3pop — X2. 23)
Comparing (22) and (23)
—Cl1€é4; = x;ref — Xz. (24)

Putting value of x;, the above expression takes the following
form:

—creqj = Xyop — E(_(l — U;)X3 + Vpy. (25)
1
Solving (25) for control input u;, it is obtained that
L;| . X3
u = _ll:xikref + 3 + creq;i + Upvi|. (26)
X3 L;

Using this approach, the control inputs ub; and ue; are derived
for the proposed model and shown as follows:

bi=T R +
ub; =T - | —x
i RoL 6

Rorpi + Rre .
+ x4 + Kiret + 62651} (27)

RoL
Lei [ . X8
ue;j = — | X7iref — — *+ C3€6i (28)
Ude Lei
where
1
T = (29)

((Pl + Po)xai + R’f—"Lxs +2Ve + ,&xs)

is the inverse of the coefficients (capacitance, inductance, and
resistance) present in the state variable. x4 and ¢ 3 are
the positive gains of the proposed control signals. P; and
P> represent the sum of the internal resistances of passive
components in IFSIBB. Any positive gain will result in a
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stable system; however, the gains are selected by using the
error and trial method in Simulink simulations. However,
there are many systematic methods to find the gains opti-
mally. Higher gain values result in faster error convergence
and improved transient response, but can increase the control
signal magnitude and switching stress on the converter. In
contrast, lower gains produce smoother control signals at the
expense of slower dynamics. The stability analysis shows that
the system will be stable for any positive gain values, so in
this way the initial boundary is already known [0 — oo]. To
avoid overestimation and computational burden, the use of
a minimization function for a range can be useful for future
practical implementations. The control input for the ith stage
can be derived using the same method with a phase-shift
modulation mathematically expressed as

360
¢n = (n—1). N (30)
where ¢ is the phase change and 7 is the phase considered.
N represents the total number of stages. Equations (26)—(28)
represent the control laws for the three types of interleaved
converter: the boost, full-bridge interleaved, and buck stages,
respectively. Each controller equation governs the correspond-
ing converter module, ensuring that its output current and
voltage follow the desired references. For every converter,
N = 3 parallel legs operate under the same control law but are
driven by phase-shifted PWM carriers to achieve interleaving.
If u;(¢) denotes the control signal from the corresponding
equation, then the duty cycle of the kth leg is defined as

2
di(t) = ui()+ sin(wswl +¢1), P = (k—l)ﬁﬂ, k=1,2,3

where wgy is the switching pulsation and ¢, ensures a
120° phase change between legs. This guarantees balanced
current sharing, reduced ripple, and smooth power transfer
between parallel units. In particular, the system is inher-
ently N-phase, since the model and synthesis are explicitly
general. In practice, scaling N requires: 1) adequate PWM
resolution and MCU resources (more interrupt service routine
(ISRs)/phases), 2) minor retuning of ¢y, ¢z, and c3, and the
outer PIs to account for dynamics and residual ripple, and
3) maintaining symmetric phase shifts. Under these condi-
tions, per-phase current balancing and dc-bus regulation are
maintained; robustness is also demonstrated in the presence
of inductance mismatch, yielding correct average sharing and
low total ripple. The per-phase duty modulation maintains an
equal current distribution. At the same time, the outer PI loop
adjusts the overall reference, and the inner Lyapunov-based
controller ensures large-signal stability without the need for
observers or adaptive terms.

B. STABILITY ANALYSIS

The Bode plot of the outer loop PI controller showing the
phase margin and gain margin is presented in Fig. 7. The outer
loop Bode analysis is done for an already compensated system

843



RAHMAN ET AL.: CASCADED LYAPUNOV-BASED HYBRID CONTROL OF MULTIPHASE INTERLEAVING CONVERTERS

Bode Plot with Stability Margins (Outer Voltage Loop)
T T

-40 Stable: ]
g PM = 89.99° (>45°)
T .60 GM = 78.76 dB (>0 dB)
T
=
2 .80 1
©
=

100
270 " =

Phase (deg)
-
=
o
T
i

90 1 1 1
102 10* 10° 108

Frequency (rad/s)

FIGURE 7. Bode plot of the outer Pl loop for stability analysis.

TABLE 4. Parameters of Power Converting Units

IBoost Converter
Parameter Value
Capacitance Cpy , Co1 100, 500 uF
Inductor Ly = Lo = L3 5 mH
DC-bus voltage reference 220 V
IFSIBB Converter
Input Resistance R; 220 p Q
Cj; Input Capacitance 60 pF
Inductance value Ly1 = Lys = L3 2.2 mH
Internal Resistance Rp,1 = Rrpe = Rrps 1.4 mQ2
Output capacitance C'y, 60 uF
IBuck Converter
DC grid side capacitance C'g. 500 p
Inductor Ley = Leg = Leg 5 mH
Electrolyzer side capacitance C'gje 500 pF

by the inner current loop. The Lyapunov function-based cur-
rent controller is transformed in the frequency domain with
controller gain c¢j. The analysis shows the stability of the
voltage loop PI controller as the inner current loop is faster
than the outer loop. This phenomenon also contributes to the
stability of the voltage loop as the inductor current is already
compensated. The Bode diagram in Fig. 7 is obtained using
the linearized small signal model of the outer voltage loop,
where the inner Lyapunov-based current loop is treated as a
fast compensator. The parameters used to generate the graph
are: Kyp = 0.1, Kj» = 50, output capacitance C,; = 500 uF,
inductance Lj 23 = 5 mH, and dc-bus voltage Vg =220 V
as presented in Tables IV and V. As for negative magnitude, it
is entirely normal when 1) the dc gain of the plantis < 1in the
chosen normalization, or 2) a closed-loop function is plotted,
such as the sensitivity S(jw) = 1/(1 + L(jw)), whichis < 1
over the frequencies where the loop has authority. Note that
the minus sign of negative feedback does not make the Bode
magnitude negative—the minus sign appears in the phase,
while the magnitude is | - |. In short, negative dB values here
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TABLE 5. Parameters of Proposed Controllers for Testing

Enhanced Droop Control
Parameter Value
Time constant 7 05s
Virtual Resistance R droop 0.033 Q
Proportional gain for IFSIBB K1 0.01
Integral gain for IFSIBB K1 5
Proportional gain for IBoost K2 0.1
Integral gain for IBoost Ko 50
Proportional gain for IBuck K3 1
Integral gain for IBuck K3 10
Lyapunov-based Controller
Parameter Value
Controller gain for IBoost c1 2000
Controller gain for IFSIBB c2 2000
Controller gain for IBuck c3 3000
Switching frequency fsw 10 kHz

simply reflect the chosen transfer function/normalization, not
an instability or an error.

Closed-loop stability analysis can be conducted by using
the Lyapunov theory. The time derivative of the combined

Lyapunov function is given in (19) as follows:
Viepese) =Vi+Va+V3 (31
Vies.es.e6) = €4i€ai + esié5; + €6icei. (32)

Putting the value of the controllers given in (26) and (27), the
final Lyapunov function is

V= —clei- - czegi - Cgeéi 33)
where
eii’Si’@- >0 Ve €eR
€123 >0.
So, this concludes that
V. <0 Ve eR. (34)

This analysis shows that the closed-loop controller is globally
stable. The negative definite Lyapunov function confirms the
convergence of the error function to the equilibrium point.

IV. SIMULATION RESULTS AND DISCUSSION

In the first step, the closed-loop system with the Lyapunov-
based cascade controller is simulated using Simscape Elec-
trical and MATLAB/Simulink. Both dynamical models of an
electrolyzer with an interleaving buck converter and dc load
are connected to a dc MG for controller analysis. The stack
voltage of the electrolyzer is considered to be 24 V. The
generic lithium-ion battery model is implemented with an ini-
tial SoC of 80% . The dc-bus reference is selected to be 220 V.
The design parameters for the dc MG and the controller design
are presented in Tables IV and V, respectively. Two types of
loads are considered to test the performance of the proposed
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FIGURE 8. Simulation results of the closed-loop system. (a) Time-varying load profile. (b) DC-bus voltage regulation. (c) v,y behavior under MPPT.
(d) Battery current graph. (e) Electrolyzer current ig. (f) Voltage across electrolyzer vgy.

method: electrolyzer and dc loads that vary over time. The
main control objectives are dc-bus voltage regulation during
different load conditions, MPPT of the PV system, optimal
powering of the electrolyzer unit, battery charging and dis-
charging, and current sharing in all converter topologies.

1) The time-varying load power is depicted in Fig. 8(a).
To analyze the first control objective the dc-bus voltage
response can be seen in Fig. 8(b). The black dotted line
shows the reference trajectory, and the purple wave-
form is the actual wgc. It is evident that the dc-bus
voltage is regulated to the reference values with some
over/undershoots, which are justified due to sudden load
change; however, the controller can bring the trajectory
back to the reference value. The exact overshoot behav-
ior can be seen in the zoomed-in part of Fig. 8(b).

The strategy imposes the MPPT controller for the PV-
boost system. It is recommended to get the best possible
outcome from the PV panel. The graph vy in Fig. 8(c)
shows that the MPPT algorithm calculates the max-
imum voltage, and a dual-loop voltage controller is
designed using the cascaded Lyapunov method. The
graph confirms the achievement of vypp. Two different
values for temperature and irradiance are used to test
performance in different weather conditions. The graph
shows that the controller can track the MPPT under
different conditions.

The droop controller is responsible for generating
the reference value for the battery storage system to
keep the dc-bus voltage stable by providing auxiliary
services. The battery current reference can be positive
or negative, depending on the load demand. The battery
current response is shown in Fig. 8(d). Both charging
and discharging modes can be observed; the zoomed-in
part of the figure shows the steady-state response of the

2)

3)

VOLUME 6, 2025

system with little tracking error. Fig. 8(e) and (f) de-
picts the current and voltage graphs in the electrolyzer,
respectively. The output voltage of the interleaving buck
converter must be equal to the stack voltage of the elec-
trolyzer. The cascaded controller gives the possibility
to control both the voltage and the current simultane-
ously. The graphs show the tracking of both voltages
and currents to their desired values. Proper regulation
ensures the seamless integration of hydrogen production
units. The zipped-in section of Fig. 8(e) highlights the
transient and steady-state response of the ige track.

In interleaving converters, balancing the current be-
tween different phases is essential. The tracking of PV
current, battery current, and electrolyzer current is al-
ready shown; however, it is also important to visualize
these current waveforms in each leg. The quantities x»;,
x4i, and x7; in each inductor of the interleaved converter
are illustrated in Fig. 9(a)—(c), respectively. The results
show that the current balance between different phases
is achieved using phase-shift modulation with the pro-
posed controller. The figures show that the modulation
strategy has considered a symmetric phase shift.

4)

A. COMPARATIVE ANALYSIS

Although the proposed control algorithm provides strong the-
oretical insight for stability analysis, it is essential to analyze
the performance of the proposed controller comparatively.
A comparative graph of the proposed controller with the PI
controller and the ISMC, which are well-known linear and
nonlinear control methods, is presented in Fig. 10. The reg-
ulation of dc-bus voltage is considered the main comparative
parameter. The results show that the proposed controller pro-
vides the large-signal stability of the closed-loop system and
performs better in terms of rise time, overshoot/undershoot,
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FIGURE 10. Comparative Analysis of Proposed Controller.
TABLE 6. Comparative Analysis of Proposed Controller
Sr. Rise time Over/undershoot Error | Peak Value
PI 55.31 ms 70.034%, 2.070% 0.121 284.5
ISMC 1540 ms | 19.880%, 3.013% 0.0812 262.01
Proposed | 20.197 ms 6.994%, 2.003% 0.065 236.12

and steady-state error. The zoomed-in sections of the figure
show the transient response, response to load changes, and
steady-state waveforms of three controllers, respectively. The
comparative data for the proposed controller are presented in
Table VI, and it is evident that the proposed controller has the
optimal response in terms of rise time, settle time, and steady-
state error while minimizing overshoots/undershoots. The
proposed hybrid cascaded control approach (PI + Lyapunov)
offers a practical balance between robustness and simplicity.
It is easier to implement, involves fewer control gains to tune,
and does not require observers or adaptive estimation, which
enhances its suitability for real-time applications. In contrast,
SMC often suffers from chattering, while backstepping and
observer-based nonlinear methods introduce higher design
complexity. Therefore, the proposed method provides a ro-
bust and unified control solution that reduces implementation
effort while maintaining stable performance across multiple
converter topologies within the same MG.
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FIGURE 11. C-HIL based experimental test bench.

V. C-HIL EXPERIMENTAL TESTS

The proposed control scheme is further tested with a C-HIL
test bench for real-time verification. The power converters and
control parameters are selected the same as those considered
in the simulation tests. The C-HIL setup for experimental
testing is shown in Fig. 11. The description of the hardware
setup is provided as follows.

1) SCADA panel to control and observe different condi-
tions in real time.

Host PC for designing schematics and control codes.
Two C2000 TI microcontrollers LAUNCHXL-
F28379D for real-time control prototyping.

Typhoon 404 real-time emulator for system emulation
programmed through the schematic editor.

In C-HIL experiments, the proposed control algorithm is
tested under two different load scenarios: dc load variation and
electrolyzer load variation. The C-HIL experiments provide
the real-time testing of the proposed controller; however, the
nonlinearities of the system do not exist due to the typhoon
simulator. Feedback signals are acquired directly using analog
to digital converters (ADCs) without any filtering. This is
useful for analyzing some of the real-world behaviors, such
as parametric disturbances. Being a model-based controller,
the proposed method can handle real-world experimental

2)
3)

4)
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FIGURE 13. Experimental results Case: 1. (a) vy, tracking under different conditions. (b) Battery current charging and discharging under different loads.
(c) Electrolyzer current response. (d) Current through L, L,, and Ls with phase shift. () Current through L, L;,, and L,; with phase shift. (f) Current

through L1, Lez, and Loz with phase shift.

issues, such as noise, sensor delays, and parameter variations.
The results and a discussion for both cases are given in the
following sections.

A. DC LOAD VARIATION

In this case, a time-varying load is considered to evaluate the
performance of the control algorithm while the electrolyzer
load remains connected continuously. The inductor current
captured through the oscilloscope is presented in Fig. 12. The
zoomed-in plots of the oscilloscope provide the flexibility to
see the inductor current through the signal inductor phase. The
results are presented in Fig. 13. The following considerations
can be observed.

1) The dc-bus voltage under varying load conditions is
shown in Fig. 13(a). In this figure, the blue line repre-
sents the actual response of the dc-bus voltage, while
the red dotted line denotes the reference value. It can
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2)

be observed that the dc-bus voltage, v4c, remains stable
across different load conditions. However, transient
overshoots and undershoots occur during abrupt load
changes. The zoomed-in section of Fig. 13(a) highlights
the steady-state response, demonstrating that v
successfully tracks the reference value of 220V. This
indicates the robustness of the controller in maintaining
voltage stability under dynamic load variations.

The battery current response is another critical aspect
to examine. A simple droop control strategy is em-
ployed to generate the charging and discharging current
references. The tracking plot of the battery current dur-
ing both the charging and discharging events is shown in
Fig. 13(b). The BESS plays a vital role in supporting the
system during high-load conditions by discharging and
storing energy during low-load conditions by charging.
The results clearly show that the proposed controller
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FIGURE 14. C-HIL experimental results: Transient and steady-state
response of PV current in different inductor phases.

o
T
I

Current (A)

10 5 6
10+ 5 0 gW T
0

12.7944

0 05 1 9 11 13

20 I I I I I I I I |
0 2 4 6 8 10 12 14 16 18 20

Time (s)

FIGURE 15. C-HIL experimental results: Transient and steady-state
response of battery current in different inductor phases.

o

Current (A)
o

5 R
0
-10 9014  9.0145 ]
15 I I I I I I
0 2 4 6 8 10 12 14 16 18 20
Time (s)

FIGURE 16. C-HIL experimental results: Transient and steady-state
response of electrolyzer current in different inductor phases.

effectively tracks both the charging and discharging
current references. Although transient overshoots are
present, the controller promptly brings the current tra-
jectory back to the desired reference value, indicating a
fast response to sudden changes in load demand. This
confirms the effectiveness of the droop control method
in managing the energy flow between the BESS and the
load, ensuring system stability.

3) The current supplied to the electrolyzer system is shown
in Fig. 13(c). In this scenario, a constant controlled
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FIGURE 19. C-HIL experimental results Case 2: Battery response under
varying electrolyzer load.

current is provided to power the electrolyzer, ensur-
ing uninterrupted operation for hydrogen production.
The case assumes an uninterrupted power supply to
the hydrogen generation system, which is essential for
maintaining production efficiency. The results show that
the electrolyzer current remains stable and tracks the re-
quired trajectory throughout the test using the proposed
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switching controller. This confirms that the controller is
not only effective in managing dynamic load conditions
but also in ensuring the stable operation of auxiliary
systems like the electrolyzer.

4) One of the key aspects analyzed in this study is the bal-
ancing of inductor current through each inductor with a
proper phase shift, aimed at minimizing current ripple
in the three power converters. The current waveforms
through each phase of the IBoost, IFSIBB, and IBuck
converters are shown in Fig. 13(d)—(f), respectively. The
results indicate that the currents remain balanced with
the prescribed phase shifts regardless of the load vari-
ations. This balancing of inductor currents, achieved
through interleaving, effectively reduces the current
ripple across the converters, improving efficiency and
reducing electromagnetic interference.

The proposed control algorithm thus demonstrates its
ability to regulate output voltage and current and enhance
power converter performance by minimizing ripple, which
is a significant benefit in modern power electronics systems.
The general analysis shows that the proposed control strategy
offers high performance in terms of voltage stability, efficient
current tracking for both the BESS and the electrolyzer
systems, and the successful balance of the converter
currents. Despite the occurrence of transient overshoots
and undershoots during sudden load variations, the controller
exhibits a fast response, ensuring that system stability is
quickly restored. These results underline the robustness and
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adaptability of the control algorithm, making it well suited for
applications involving dynamic load conditions and multiple
power converters operating in parallel. In general, it can be
stated that the proposed control algorithm maintains stability
under dynamic load (2500-3500 W) and irradiance conditions
(700 — —1200 W/m?).

B. TRANSIENT RESPONSE

The transient and steady-state responses of the inductor cur-
rent in each phase for the three converters are presented in
Figs. 14— 16. It can be observed in the zoomed-in section of
Fig. 14 that the IBoost converter exhibits a nonminimal phase
behavior. Moreover, in the transient phase, the currents are
not phase shifted and have an imbalance condition. However,
after the rapid control action, in steady-state conditions, the
current is balanced and equally shared with a phase shift
in different phases. Similarly, the transients and steady-state
conditions can be seen for the battery and electrolyzer current
in Figs. 15 and 16, respectively. The zoomed-in sections show
the response of the battery current corresponding to the steps
in the load current.

C. ELECTROLYZER LOAD CURRENT VARIATION

In this case, the electrolyzer load current is varied to evaluate
the performance of the proposed controller under dynamic
conditions. In this case, a key aspect to analyze is the stability
of the system, which can be observed through the regulation
of the voltage of the dc bus, as shown in Fig. 17. The results
demonstrate that the proposed controller effectively maintains
a stable dc-bus voltage despite variations in the electrolyzer
load. This stability is crucial to ensure that all components
connected to the dc bus operate efficiently, as voltage fluctua-
tions could otherwise lead to inefficiencies or damage. When
the electrolyzer load current is varied, it introduces a time-
varying reference for the electrolyzer charging current. The
ability of the controller to track this reference in time is critical
to system performance. The tracking of i is illustrated in
Fig. 18, showing that the controller can follow the reference
current of the electrolyzer with high accuracy. The ability
to accurately track this reference is essential to ensure that
the electrolyzer operates within its optimal range, preventing
undercharging or overcharging, which could reduce system
efficiency and negatively impact the electrolyzer lifespan.
Furthermore, deeper insights into system performance during
high electrolyzer load periods can be obtained by analyzing
Fig. 19 together with Figs. 17 and 18. From the 6-s mark
onward, when the electrolyzer load is increased, the battery
discharge current rises accordingly. This increase in battery
discharge compensates for the additional demand placed on
the system by the electrolyzer, helping to stabilize the dc-bus
voltage. The fact that the controller automatically increases
battery discharge in response to higher electrolyzer loads in-
dicates its robustness in balancing multiple energy resources
within the MG. This coordinated control action ensures that
the system can handle fluctuations in demand without com-
promising voltage stability. In summary, the results of Case
2 show that the proposed controller successfully handles the
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electrolyzer load variations while maintaining dc-bus voltage
stability. The precise tracking of the reference time variation
for the electrolyzer current, as shown in Fig. 18, and the
increased battery discharge in response to higher electrolyzer
loads, illustrated in Fig. 19, emphasize the controller’s ability
to efficiently manage energy flow and ensure reliable MG
operation.

D. UNBALANCE INDUCTANCE CONDITIONS

To test the proposed method under unbalanced inductance,
three different instances are considered for the IBoost con-
verter. The values are set at 4.5, 5, and 5.5 mH, respectively.
The conditions do not have any significant effect on the be-
havior of the transient and steady-state in terms of tracking.
However, steady-state balancing is interesting to observe. The
magnified current response of all phases together is shown in
Fig. 20. It is evident that due to different inductor values, the
ripple current in each leg is different and the control action is
good enough to share the average value with a proper phase
shift. The average current in the case of unbalanced conditions
is presented in Fig. 21. The low ripple current shows the satis-
factory performance of the controller proposed in the present
study.

VI. CONCLUSION

This article presented a Lyapunov-based cascaded hybrid con-
trol approach for three-phase interleaving power converters
in a dc MG to efficiently supply power to an electrolyzer.
The proposed controller demonstrated robust performance un-
der various operating conditions, including time-varying load
scenarios, unbalanced inductance, comparative analysis, and
continuous electrolyzer operation. Using the strengths of both
linear and nonlinear control methods, the controller ensured
effective current sharing between phases while maintaining a
stable dc-bus voltage. The outer voltage loop, controlled by a
PI regulator, and the inner current loop, driven by a Lyapunov-
based nonlinear method, worked in tandem to provide precise
control over the system. This hybrid control approach not only
maintained the stability of the system, but also minimized
the output ripples and enhanced the overall efficiency of the
MG. The comparative analysis presented shows the superi-
ority of the proposed controller. The simulation and C-HIL
results validated the controller capability to manage system
dynamic behavior under real-time conditions. The seamless
coordination between the converters and the ESS highlights
the effectiveness of the proposed method in balancing energy
flow within the dc MG. Future work can explore fault-tolerant
schemes and optimal phase-shift algorithms for asymmetric
conditions and extend the control strategy to larger multin-
ode MGs integrating renewable energy sources. In addition,
validation will be performed on a full-scale experimental pro-
totype.
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