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Hydrogen energy storage systems (HESS) are increasingly recognised for their role in sustainable energy ap-
plications, though their performance depends on efficient power electronic converter (PEC) interfaces. In this
paper, a multiport-isolated DC-DC converter, characterised by enhanced power density, reduced component
count, and minimal conversion stages, is implemented for HESS applications. However, the high-frequency
multiwinding transformer in this converter introduces cross-coupling effects, complicating control and result-
ing in large power deviations from nominal values due to step changes on other ports, which adversely impact
system performance. To address this issue, a novel model reference-based decoupling control technique is pro-
posed to minimise the error between the actual plant output and an ideal decoupling reference model, which
represents the cross-coupling term. This model reference-based decoupling control is further extended into a
hybrid decoupling control technique by integrating a decoupling matrix, achieving more robust decoupling
across a wider operating region. The hybrid decoupling technique mathematically ensures an improved control
performance, with the cross-coupling term minimised through a proportional-derivative controller. The proposed
hybrid decoupling controller achieves a maximum power deviation of <3 % under various conditions, out-
performing the conventional inverse decoupling matrix technique, which typically exhibits higher deviations
under similar conditions. The effectiveness of the hybrid decoupling control is validated through simulations and
experimental results, demonstrating significant improvements in decoupling performance.

address this, energy storage solutions, particularly hydrogen energy
storage systems (HESS), offer a promising approach [6]. As an electro-

1. Introduction

Reliable and sustainable energy production is crucial for economic
growth and environmental preservation. The global energy industry has
experienced substantial growth and is largely powered by fossil fuels.
However, reliance on fossil fuels has led to adverse environmental im-
pacts, including greenhouse gas emissions that contribute to climate
change [1,2]. In response, there has been a global shift toward renew-
able energy sources such as solar and wind, which aligns with the United
Nations sustainable development goals (SDGs), particularly SDG 7
(affordable and clean energy) and SDG 13 (climate action) [3]. Despite
the benefits, renewable energy sources face challenges of intermittency,
which complicates their integration into the power grid [4,5]. To
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chemical energy storage method, HESS provide long-term storage ca-
pabilities with high capacity compared to other energy storage
elements, as shown in Table 1.

HESS are therefore emerging large-scale energy storage and power
generation. These systems store surplus energy from renewable or
distributed energy (DE) sources during periods of low demand and
release it during peak times, thereby enhancing the efficiency and
resilience of the energy system. As depicted in Fig. 1, DE sources (which
could include a microgrid) supply power to the system, with the energy
directed toward electrolysis through electrolysers (EL) to split water into
hydrogen and oxygen. The resulting hydrogen is stored in high-pressure

Received 10 September 2024; Received in revised form 28 November 2024; Accepted 22 December 2024

Available online 28 December 2024

2352-152X/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:oyedotun.oyewole@strath.ac.uk
www.sciencedirect.com/science/journal/2352152X
https://www.elsevier.com/locate/est
https://doi.org/10.1016/j.est.2024.115175
https://doi.org/10.1016/j.est.2024.115175
http://crossmark.crossref.org/dialog/?doi=10.1016/j.est.2024.115175&domain=pdf
http://creativecommons.org/licenses/by/4.0/

O.E. Oyewole et al.

Table 1

Comparison of energy storage systems [7].
Type Category Discharge Capacity Efficiency

time
HESS Electrochemical <1000 h <1 GW 30-45 %
Battery Electrochemical <5h <100 70-85 %
MW
Flywheels Mechanical <30 min <1 MW 85-100 %
Compressed air Mechanical <100 h <10 MW 45-70 %
Pumped hydro Mechanical <500 h <0.8GW  70-85%
Superconducting Electromagnetic ~<5h <5 MW 85-99 %
magnetic

tanks, while the oxygen byproduct is vented to the atmosphere. The
stored hydrogen can then be utilised in marine or aerospace applica-
tions. A battery (BT) system, such as a Ni-MH battery, which utilises
hydrogen storage alloys and features high charge and discharge rates
along with environmentally friendly characteristics, as shown in Fig. 1,
provides rapid-response energy storage by absorbing excess energy from
DE and supporting continuous hydrogen production if DE fails [8]. HESS
operate across three main stages: hydrogen production, storage, and re-
electrification [9]. Various technologies, including alkaline electrolysis,
solid oxide cells, and proton exchange membranes, have been employed
for the production of hydrogen [10].

The HESS is supported by several auxiliary subsystems that ensure
their complete functionality, including air and hydrogen supply systems,
cooling and heat exchangers, humidification systems, and power elec-
tronic converters (PEC), all of which are highly interconnected to opti-
mise system performance [11,12]. Among these, PECs play a critical role
in HESS operation. The PEC regulates the electrical input required for
water splitting, controls the voltage and current levels to maintain ef-
ficiency, and prevents degradation of the EL components. As stated in
[13], 12 % of the HESS losses occur in the PEC; hence, there is a need for
an efficient PEC interface. Conventional HESS designs, as illustrated by
the dual-converter structure in Fig. 1, often use multiple interconnected
converters, leading to bulky and costly systems with increased circu-
lating currents and poor dynamic responses [14,15]. These limitations
highlight the need for converter designs that fulfil stringent HESS re-
quirements for adequate functioning, including high conversion ratios,
low current ripple, high current delivery, high efficiency, high power
density, and fault tolerance [16,17]. However, designing a HESS that
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satisfies these interface requirements is challenging. To address these
issues, multiport converters have been explored. These converters
integrate multiple converter units into a single entity, thereby reducing
the number of conversion stages, component count, and control
complexity [15,18].

The multiport isolated converters, such as the triple active bridge
(TAB) shown in the inset of Fig. 1, have been proposed. The TAB can
replace the two “converters of interest” in Fig. 1, providing ease of
cascade, high voltage gain ratio, higher power density, and galvanic
isolation for safety reasons compared to non-isolated configurations
[19]. A multiwinding high-frequency transformer is a key component of
a multiport-isolated DC-DC converter, providing voltage conditioning,
voltage matching, and galvanic isolation. However, this transformer
introduces coupling effects due to electromagnetic interactions between
its windings, which can disrupt power flow control in the converter,
leading to poor dynamic response and reduced stability [20]. This cross-
coupling effect may lead to unstable hydrogen production in EL,
resulting in diminished performance, lower efficiency, and energy
wastage [21]. Therefore, mitigating this effect is crucial for enhancing
the converter performance.

The implemented multiport-isolated DC-DC converter in HESS can
be characterised as a multiple-input multiple-output (MIMO) system
with inherent control challenges due to coupled control loops. To
address these challenges, various decoupling control techniques have
been developed, involving both hardware and software-based ap-
proaches. One hardware solution proposed in [22], is a varying trans-
former winding configurations in order to reduce cross-coupling effects;
however, restructuring transformer windings presents considerable
design and manufacturing challenges. In [23], two additional switches
per bidirectional port were introduced to reduce the cross-coupling ef-
fects, but this resulted in increased switching losses. Furthermore, in
[24], a three-mode, three-port isolated DC-DC converter was proposed,
utilising two DC relays for unidirectional decoupled power flow. How-
ever, mechanical relays can introduce reliability issues, switching de-
lays, and shorten system lifespan, potentially affecting the overall
performance of the converter. Another approach, as seen in [25-27],
achieves inherent decoupling by reducing the primary-side leakage
inductance to approximately 0.05 per unit, which is effective yet chal-
lenging in terms of complications in the transformer winding design. In
[20,28], a resonant capacitor on the transformer’s primary side was

Proposed 1:2 multiport-isolated DC-DC converter
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Fig. 1. Hydrogen energy storage system. Inset: 1:2 DC-DC multiport-isolated converter.
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proposed to mitigate the cross-coupling effect, which could also poten-
tially increase reactive power losses and complexities in terms of reso-
nance tuning requirements. While these hardware-based strategies are
relatively simple to implement, they come with trade-offs, including the
addition or modification of components, which may lead to increased
energy losses, reduced power density, and higher costs.

Software-based approaches are often preferred for their cost-
effectiveness, as they eliminate the need for additional or modified
hardware components. For example, a feedback linearisation-based
controller implemented as a software-based decoupling control was
used effectively to suppress cross-coupling effects in [29,30], though
improper handling of the nonlinear inversion in the control loop may
lead to performance degradation. Techniques like extended state ob-
servers, paired with advanced controls such as the sliding mode control
and linear active disturbance rejection control have also been developed
to detect and mitigate cross-coupling effects [31,32]; however, estima-
tion errors can arise if controller gains are not optimally chosen,
impacting control accuracy. An adaptive perturb-and-observe (P&O)
controller, proposed to track the minimum point current, was developed
in [33]. While this controller shows promising results, the P&O algo-
rithm introduces additional computational burden on the system.
Similarly, a single-input, single-output (SISO) system with different
bandwidth selections was examined in [34]; while high-bandwidth
loops enhances transient phase detection, aiding decoupling, lower-
bandwidth loops exhibits poor anti-interference properties. In [35], a
decoupling control technique using a proportional-derivative controller,
model predictive control (MPC), and fuzzy compensation control ach-
ieved a reduced cross-coupling effect, but the combination’s high
computational demands may hinder real-time performance and increase
implementation costs. Decoupling matrices are another common
approach. A frequency domain modelling technique was applied in [36],
to develop a decoupling matrix-based PI controller, yielding three lower-
order AC equivalents, however, these AC equivalents may reintroduce
measurement and control complexities, limiting practical implementa-
tion. Two independent control variables were introduced to the decou-
pling matrix, resulting in a phase difference matrix, as depicted in [37],
nevertheless, the introduction and selection of the additional control
variables in each loop added another layer of complication to the
decoupling control design. The three-port active bridge described in
[38,39] applies transmission line principles to analyse the converter
power flow and uses a counter-reactive decoupling matrix to mitigate
cross-coupling, although sensitivity to parameter variations may hinder
consistent performance. In [40] an approach combining decoupling
matrices, bandwidth selection, and feedforward current achieved
effective decoupling, though its effectiveness was limited under asym-
metrical loading across ports. A plant transfer matrix with a decoupling
matrix, pre-calculated and stored in lookup tables (LUTs), was intro-
duced in [41,42], and a comparative analysis of three of these decou-
pling matrices was conducted in [43], identifying the inverse decoupling
matrix as superior in performance compared with others. While these
software-based approaches demonstrate some success in mitigating
cross-coupling effects, they often involve complex computations,
particularly in larger systems. Additionally, their applicability is
generally limited to specific operating regions, leading to incomplete
decoupling, and the use of pre-calculated system matrices requires
additional data storage in LUTs.

This paper proposes a novel software-based decoupling control
technique to address these challenges. The proposed technique features
a model reference-based decoupling control and a hybrid decoupling
control (which combines the strengths of both model reference-based
decoupling control and a decoupling matrix). The technique is
designed to achieve excellent decoupling performance across a wider
operating region. The main contributions of this paper are summarised
as follows.
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1. Proposing a novel software-based decoupling control technique that
eliminates the reliance on look-up tables (LUTs), thereby signifi-
cantly reducing memory requirements.

2. Developing a model reference-based decoupling control approach
that minimises the error between the output of an ideal decoupling
reference model and the actual plant, thereby enhancing control
accuracy.

3. Proposing a hybrid decoupling control structure that integrates a
decoupling matrix into the model reference-based framework, syn-
ergising their strengths to achieve robust decoupling and mitigate
cross-coupling effects across a wider operating region.

This paper is divided into six sections. Section II briefly outlines the
operating principles of a multiport-isolated DC-DC converter and derives
the coupling terms. Based on this derivation, Section III presents an ideal
decoupling reference model and the mathematical framework for
developing the decoupling control. The results obtained from the sim-
ulations based on a three-port isolated converter (triple-active bridge
converter) are discussed in Section IV. Section V presents the experi-
mental results obtained using a proof-of-concept experimental setup to
validate the decoupling performance, and the conclusions are provided
in Section V1.

2. Operating principles of multiport-isolated DC-DC converter

An operational analysis of a three-port isolated converter (triple-
active bridge converter) is provided in this section, and the cross-
coupling effect is highlighted.

2.1. Analysis of TAB converter

For simplicity of analysis, Fig. 2 shows a three-port system with port
1 labelled as the BT port, port 2 as the DE (both represented by a voltage
source), and port 3 labelled as the EL (represented by a resistive load).
Negative power is the power supplied by a port, whereas positive power
is the power absorbed by the port. The first bridge has switches S-Sy,
while S5-Sg and So-S12 are the second and third bridges, respectively.
Inductors Ly, Ly, and Lj are the leakage inductances, which are the major
energy transfer elements. In addition, i;, i,, and iy are the currents
through the leakage inductances. The midpoint voltages are u;, u,, and
U3, and the output voltages are Vgr, Vpg, and Vg respectively. The
phase-shift angles (control inputs ¢, and ¢3) are adjusted to enable
power flow between the ports while maintaining the primary port at
zero phase shift.

Calculating the equivalent inductance is crucial for the power flow
between the ports. This requires transforming the star equivalent into
the delta equivalent by superimposing the power transfer from each
adjacent port and referring all circuit properties to the primary side, as
shown in Fig. 3 [42].

Using cycle-by-cycle averaging, the power between ports can be
expressed in (1):

oz — )iV,
P, = 2 xy 6))
v 272f Ly,

where, x and y represent 1, 2 or 3, indicating port numbers, V, and V,
are the voltages of the two ports, f; denotes the switching frequency, ¢ is
the phase difference between the operating points, and Ly, is the
inductance between the two ports in delta transformation.

The power flow in each port Pgr, Ppg, P, represents the total active
output powers which are defined in (2) as seen in Fig. 3b.

Ppg = Py3 + P31, Pg, = —Py3 —Pp3 2)

This can be further expressed as:
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Fig. 2. Topology of multiport-isolated DC-DC converter.

Fig. 3. Equivalent circuits of TAB converter: (a) star equivalent and (b)
delta equivalent.
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where,
A =1L1Ly+LyL3+11L3 5)
Ppr+Ppg+Pg =0 (6)

Egs. (3)-(6) show a nonlinear relationship between the output power
and the control inputs.

2.2. Cross-coupling effect

To analyse the controllability of a multiport-isolated DC-DC con-
verter, a simplified model is required that shows the impact of control
inputs on output. State-space generalised average modelling, typically
used to estimate the dynamics of a DC-DC converter, is challenging to
apply to an isolated converter because the external inductor currents are
taken as a state variable whose integral value over one switching cycle is
zero. Consequently, the dynamic attributes of external inductors are
ignored.

The output current from each port before filtering is expressed as in

7

_ Poe

P, EL
Ine = _
DE VDE

“Va )

1IEL

Considering the prefiltered currents as control variables, the derived

control-output relationship of the converter after linearisation around
the operating region closest to the origin is given by (8), with A defined
in (5), as illustrated in [44-46].

4(Vg Ly + VprLs) —4Vg Ly
|:IDE ] _ 7°fiA °f,A [(/72 } ®)
IEL —4VDEL1 4(VDEL1 + VELLZ) P3
w3 f,A 3fA
which, can be written conventionally as:
Ipe G Guiz ||,
= 9
|:IEL:| [Gm Gzz] [€03 ©
Therefore, the plant matrix is given by (10):
G Gi2
G= 10
[Gzl G } (10)

Eq. (9) contains a 2 x 2 matrix with nonzero nondiagonal elements,
indicating cross-coupling.

External inductors are conventionally used in TAB converters to
compensate for the relatively low leakage inductance of multiwinding
transformers. When the leakage inductance of the transformer is low,
sufficient energy storage may not be provided. External inductors are
added in such cases. The selection of these passive elements L, I/;, and
I/5 is an essential aspect of the implementation of a TAB. According to
the average power expressions in (3) and (4), the smaller the inductance
value, the higher the average power flow. This may subsequently lead to
a higher phase-shift angle when there is a steady power flow, and a
larger current stress may be observed across the switching elements. An
incorrect selection of inductance values could hinder the converter’s
ability to achieve the desired power transfer, potentially harm the
switching elements, and have a significant influence on the decoupling
control of the converter, as typified in (8). Any unsuitable variation in
the values of inductive elements affects the computation of the decou-
pling structure of the converter.

3. Proposed decoupling control

The proposed decoupling control is explained in this section, which
includes a novel model reference-based decoupling control technique.
The novel model reference-based decoupling control is modified to a
hybrid decoupling control which incorporates a decoupling matrix H in
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the decoupling control structure.
3.1. Proposed model reference-based decoupling control

The degree of TAB coupling is determined by the ratio of non-
diagonal elements (coupling terms) to diagonal elements. For complete
decoupling, the coupling terms are equal to zero. However, this cannot
be practically achieved. Hence, it is desirable to ensure that the TAB
operates such that the nondiagonal elements approach zero.

Ipgideat | | Gn1 0 (2]
|:IEL.ideal:| - { 0 Gzz} {(PJ an
Eq. (11) shows a diagonal matrix comprising uncoupling terms,
which is equivalent to an ideal decoupling model. This model is subse-
quently employed as a reference model for decoupling control. Thus, the
deviation of the TAB outputs from the ideal decoupling reference model
(11) is used to mitigate the cross-coupling effect. The proposed model
reference-based decoupling control schematics is shown in Fig. 4.
Following (9), a proportional-integral (PI) controller is implemented to
generate the intermediate control inputs, as follows:

K
Py = erz +?I€2 (12)
K,
93 =Kres +-e3 13)
where,
€2 = Ipgref — IpE a4)
e3 = Ip e — I (15)

where, Ipg s is the current reference in the DE port, which is represented
by a voltage source, and Ir; . is the current reference in the EL port,
which is represented by a resistive load, for simplicity of analysis.
Applying (9), (12), and (13) yields the actual current outputs from ports
2 and 3, respectively, as follows in (16) and (17):

K
Ipg = Gny (erz Jr?lez) + G1205 (16)
K;
Iz = G105 + Goz | Kpes + e a7

Active\
Bridge
! Conver ter
€3
K, + sK,
63
IEeref+ €3 K +Kl P3 ; +(P3 IEL + Eé
= P —
S N J
Igy - IgLideal
22

Fig. 4. Proposed model reference-based decoupling control schematics.
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As shown in Fig. 4, the errors, e, and e3, in (14) and (15) represent
the error between the desired set-point value of the system and the
output of the plant in each port. This error is kept minimal by using a
simple PI controller. However, the ideal decoupling reference model will
evolve based on the PI control laws (11)-(13) to yield:

K

Ipgidea = G11 <KPez Jr?lez) (18)
K

Ierideat = G22 (erg + ?183) (19)

The outputs of the ideal decoupling reference model are compared
with the actual current outputs of the TAB at each port. From (16) —
(19), the difference between the ideal decoupling reference model
output and plant output is related to the coupling terms.

The error, €, and €5,as seen in (20), (21) and Fig. 4 is used to suppress
the coupling terms in the system, which is similar to an internal
disturbance that affects the precise independent control of each loop.

€, = Ing — Ipgjdeal (20)

€5 = I — I idea 21

Consequently, a simple proportional (P) or proportional-derivative
(PD) controller is sufficient for the control. In this paper, a PD is used
for the error, €, and e; to mitigate the sensitivity of the system to in-
ternal disturbances, and to enhance the robustness of the control system.
However, an excessive derivative gain can render the system sensitive to
measurement noise. Therefore, a proper and careful tuning of the
controller is necessary.

Based on the deviation of the TAB output from the ideal decoupling
reference model, additional control signals ¢, and 03 are generated, as
shown in (22) and (23), respectively.

6> = €, (K, +5Kq) (22)

03 = €5 (K, + sKq) (23)

This limits the influence of the coupling terms on the intermediate
control inputs ¢, and ¢4. By driving the system to be as close as possible
to the ideal decoupling reference model, the intermediate control inputs
are modified to an actual control input. The resulting actual control
inputs are given as:

Gy =95+ 0, 4)

@3 =p3+0s (25)

Therefore, the actual control inputs (24) and (25) not only help
achieve tracking control but also ensure mitigation of the cross-coupling
effect.

3.2. Proposed hybrid decoupling control

To ensure a more robust system, a decoupling matrix H is incorpo-
rated into the model reference-based decoupling control technique, as
shown in Fig. 5. The implemented decoupling matrix is the inverse of
matrix G, as given by (26):

1 G -G
H=-Gl!=__ - 22 12} 2
G11Gaa — GraGn {*Gm Gn (26)

Hence, considering the decoupling matrix, the modified ideal
decoupling reference model with uncoupling terms is given in (27).

I Jideal | G11H; 0 T
|:DE :| _ |: 110 11 :||: 2:| (27)

It idear GooHy | |13

A PI controller is implemented to derive the medium variations r,
and r3, as depicted in Fig. 5, calculated in (28) and (29)
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Fig. 5. Proposed hybrid decoupling control schematics.

K,

r, = Kpey +?Ie2 (28)
K,

rs = erg Jr?le;g (29)

where, e, and e3 follows from the same expression (14) and (15).
Consequently, the modified intermediate control inputs ¢, and ¢,
are generated as follows in (30) and (31):

@y = Hi1ry + Hiors (30)

@3 = Hairy + Haors 31

Thus, the modified control-output relationship after simplification is
expressed as in (32) and (33):

K
Ipg = Gi1Hn (erz +?Iez) + (G11Hiars + Gr2gs) (32)
K;
Ig, = (Ga1905 + GozHo172) 4 GozHoy | Kpes +?€3 (33)

The modified ideal decoupling reference model will evolve based on
the medium variations by substituting (28) and (29) into (27) to yield
(34) and (35).

K

Ipgidea = G11Hn (erz +?Iez) 34)
K;

Igridgea = G2oHoz | Kpes Jr?es (35)

Following mathematically (20) — (23) and as shown in Fig. 5,
implementing a PD controller, the actual control inputs that will achieve
set point tracking and ensure mitigation of cross-coupling effect are
given as follows in (36) and (37):

@2 =@y + 0, (36)

@3 =q@3+063 (37)

The theoretical analysis of the proposed decoupling controller
highlights its effectiveness in mitigating cross-coupling effects. Howev-
er, practical implementation requires attention to a few key aspects. For
instance, this decoupling control technique introduces additional
controller gains, which, while beneficial for increased flexibility, require
precise tuning to achieve optimal performance. Tuning the PD
controller, particularly the derivative gain, can influence electromag-
netic interference (EMI). To balance improved control performance with
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noise suppression, cautious tuning of the derivative term is recom-
mended to minimise any high-frequency noise that could contribute to
EMI. Additionally, the converter employs MOSFETs as switching de-
vices, which are selected for their faster switching speeds and lower
switching losses compared to IGBTs. In terms of thermal management,
appropriately sized heat sinks were integrated to ensure efficient heat
dissipation and reliable operation of the MOSFETs. These considerations
collectively enhance the practical feasibility and robustness of the pro-
posed decoupling controller, making it a reliable solution for mitigating
cross-coupling effects in multiport isolated DC-DC converters.

4. Simulation results

To verify the effectiveness of the proposed decoupling control tech-
nique, simulations are conducted using the specifications listed in
Table 2. The circuit is modelled in the SIMULINK/MATLAB software
environment, with the control schematics implemented, as shown in
Fig. 4 and Fig. 5. Controller gains are selected through a trial-and-error
approach.

The performance of the proposed model reference-based decoupling
control and hybrid decoupling control techniques is demonstrated in
Fig. 6 and Fig. 7, respectively. These figures highlight the controllers’
effectiveness in mitigating cross-coupling effects—observed as distur-
bances in the form of power deviations (overshoot or undershoot) at the
corresponding port in response to intended or unintended changes in the
power supply or power absorbed by other ports—and in maintaining
stable power transfer across different ports under worst case conditions.
Two scenarios are simulated to illustrate controller performance under
step changes in power transfer:

1. Scenario 1 (Fig. 6a and Fig. 7a) examines changes in the power
supply at the DE port (Ppg). Step changes are applied at 0.05s, 0.1 s,
and 0.15 s, with transitions from —200 W to —1000 W, —1000 W to
—600 W, and — 600 W to —750 W, respectively, while maintaining a
constant power absorption of 1000 W at the EL port (Pg.). The BT
port (Pgr) acts as a slack bus, adjusting to balance power transfer.

2. Scenario 2 (Fig. 6b and Fig. 7b) examines changes in the power
absorbed at the EL port (Pg.). Step changes occur at the same time
intervals, with the power absorbed by Py transitioning from 0 W to
1000 W, then from 1000 W to 350 W, and finally from 350 W to 100
W, while maintaining a constant power supply of 1000 W at the DE

Table 2
Circuit design parameters.

Description Symbol Unit  Ports
#1 #2 #3
Voltage Rating Var, A% 560 46 73
V/DE
VgL
Leakage Inductance Ly,1r5, pH 780 4.992 13.18
I3
Switching frequency fs kHz 15 15 15
Transformer Turns Ratio ny,ng - 1 0.08 0.13
Controller Gains K, - - 15 10
(Model reference-based K; - - 6000 8000
decoupling control,
hybrid decoupling
control, inverse matrix
decoupling control, and
control without
decoupling
methodology)
Model reference-based Ky - - 0.001 0.00085

decoupling control,
hybrid decoupling
control
K, - - 0.01 0.001
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Fig. 6. Power transfer between ports using the proposed model reference-based
decoupling control: (a) power absorbed by the EL when step changes are
applied to the power supply by the DE and BT ports, and (b) power supply by
the DE ports when step changes are applied to the power absorbed in the EL and
BT ports.
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Fig. 7. Power transfer between ports using the proposed hybrid decoupling
control: (a) power absorbed by the EL when step changes are applied to the
power supply by the DE and BT ports, and (b) power supply by the DE ports
when step changes are applied to the power absorbed in the EL and BT ports.

port (Ppg). The BT port (Pgr) continues to act as the slack bus in this
scenario.

Using the model reference-based decoupling control shown in Fig. 6,
the controller minimises the cross-coupling effect by comparing the
output of the decoupling reference model to the plant output. This
comparison allows the controller to interpret the error as the coupling

Table 3
Overview of Multiport-isolated DC-DC Converter Decoupling Techniques.
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term and suppress it. As shown in Fig. 6a (scenario 1), this technique
results in negligible power overshoot from the nominal value at the EL
port. In scenario 2 (Fig. 6b), the model reference-based control reduces
the cross-coupling effect, with a maximum undershoot of 6 % from the
nominal value occurring at the 0.05 s step change.

In comparison, the proposed hybrid decoupling control in Fig. 7
further improves performance with a negligible power overshoot or
undershoot in scenario 1 (Fig. 7a). In scenario 2 (Fig. 7b), the hybrid
decoupling control shows enhanced robustness, with the worst case
power undershoot reduced to 3 % at the 0.1 s step change.

Table 3 provides a qualitative comparative overview of decoupling
control techniques for multiport-isolated DC-DC converters from both
software and hardware perspectives, highlighting the key improvements
offered by the proposed hybrid decoupling control. To further demon-
strate the superiority of the proposed method, it is evaluated through
simulations alongside a matrix-based decoupling control—the conven-
tional inverse matrix decoupling control illustrated in [42] and a control
approach without decoupling. The results are as shown in Fig. 8 and
Fig. 9 for each scenario. Fig. 8 and Fig. 9 specifically extract the response
of the ports susceptible to power overshoot and undershoot due to step
changes on other ports, as illustrated in Figs. 6 and 7, for each controller
type, providing a clearer view.

In scenario 1, the proposed hybrid decoupling control exhibits
excellent decoupling, with negligible power overshoot/undershoot, as
shown in Fig. 8a. In contrast, the inverse matrix decoupling control
experiences a worst case power undershoot of 3 % from the nominal
value at the 0.05 s step change, as shown in Fig. 8b. Meanwhile, the
control without decoupling methodology demonstrates a worst case
power overshoot of 8 % at the 0.05 s step change, as seen in Fig. 8c.

Furthermore, in scenario 2, the performance difference is even more
pronounced. The proposed hybrid decoupling control technique more
effectively suppresses the cross-coupling effect, with a reduced power
undershoot of only 3 % at the 0.1 s step change, as depicted in Fig. 9a.
Whereas, as shown in Fig. 9b and Fig. 9c¢, the inverse matrix decoupling
control and the control without decoupling methodology experience
worst case power undershoots of 8 % and 9 %, respectively.

In terms of efficiency, the conduction losses in the system are
calculated using P, = I,stR,m where, R,, represents the on-state resis-
tance of each switch. These losses are directly influenced by the root-
mean-square current through the switches. With the proposed hybrid
decoupling control, the system achieves an end-to-end efficiency of
91.80 %, compared to 89.75 % for the conventional inverse matrix
decoupling control and 88 % for the control without decoupling. These
results were obtained under a constant 1000 W power supply with step
changes applied to the EL port, as shown in Fig. 7b, and replicated across
all decoupling controllers under investigation. This scenario represents
the worst-case operating condition, highlighting the robustness of the
proposed control technique. The present study employs single-phase
shift control, which is susceptible to high circulating currents, leading
to higher losses and limiting the extent of efficiency improvement.
Future studies will explore the integration of additional phase shift
control strategies to minimise circulating currents within the converter.
This approach aims to further enhance the efficiency of the multiport-

Details of operation Hardware solution

Software solution

[23] [20] [31] [42] Proposed hybrid decoupling control
Additional component Two switches /low primary inductance Resonant Capacitor None None None
Estimation error None None Yes None None
Ease of implementation Medium Low High Medium Medium
Extra data storage Low Low Medium High Low
Power operational region Medium Narrow Medium Narrow Wide
Hardware Complexity High Medium Low Low Low
Converter Configuration Symmetric Asymmetric Symmetric/ Asymmetric Asymmetric Asymmetric
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isolated DC-DC converter.

Nevertheless, these results demonstrate the superior performance of
the hybrid decoupling control technique in reducing cross-coupling ef-
fects and maintaining stable power levels across ports under varying
conditions.

5. Experimental validation

To further validate the proposed controller and align the theoretical
analysis with the experimental results, a proof-of-concept circuit, as
depicted in Fig. 10 is developed. The parameters of the experimental
circuit are scaled down from those used in simulations. The rated power
for this experimental setup is 380 W, operating at a switching frequency
of 20 kHz. The leakage inductances of L1, Ly and Lg are 50 pH, 48 pH and
49 pH respectively. The transformer core material utilised is N87, with
dimensions R 50/30/20, with a turn ratio of 17:15:11.

The experiment was conducted to imitate scenario 2 of the simula-
tion, observing the impact of the EL port variation while keeping the DE
port supplying a steady current and the BT port serving as the slack bus
to compensate for the changes and maintain the system balance. Fig. 11
illustrates the experiment conducted using three control techniques: the
proposed hybrid decoupling control, the conventional inverse matrix
decoupling control as illustrated in [42], and control without decoupling
methodology. The current in the EL varied from 2.8 A to 4.2 A, marking
a 50 % rise in load demand. This variation led to a proportional change
in the BT current, stepping it from 0.4 A to 3.6 A. Fig. 11a, indicates a

Gate drive
circuits

frequency
transformer

Resiétance
load bank

transducers

Fig. 10. Experimental test rig.

deviation of 0.1 A in the DE port, representing a 5 % deviation from the
nominal value with the hybrid decoupling control technique. In
contrast, with the inverse matrix decoupling control and control without
decoupling methodology shown in Fig. 11b and Fig. 11c, respectively,
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Fig. 11. Experimental results showing power supply from the DE port when there is an EL port change from 2.8 A to 4.2 A (a) hybrid decoupling control, (b) inverse

matrix decoupling control, and (c) control without decoupling methodology.

there are deviations of 0.4 A and 0.6 A, corresponding to 22 % and 33 %
deviations from the nominal value.

6. Conclusion

A model reference-based decoupling control has been proposed to
mitigate the cross-coupling effect associated with multiwinding trans-
formers in multiport isolated DC-DC converters for hydrogen energy
storage system applications. Using an ideal decoupling reference model,
a mathematical formulation was developed that addresses and sup-
presses cross-coupling effects by minimising the error between output of
the model and the actual plant. Additionally, a hybrid decoupling con-
trol technique, which integrates a decoupling matrix into the model
reference-based decoupling structure, showed superior decoupling
control performance across the two simulated scenarios, with a consis-
tent response under variable load conditions. Compared with the con-
ventional inverse matrix decoupling control and control without
decoupling methodology, the proposed method performs well in a wider
operating region, achieving a worst-case power deviation of only 3 %,
whereas conventional methods have power deviations of approximately
8-10 %. Furthermore, the proposed technique achieved a 2.05 % effi-
ciency improvement over conventional inverse matrix decoupling con-
trol in the worst-case scenario. A 380 W proof-of-concept validates the
efficacy of the proposed decoupling control technique, demonstrating its
practical feasibility. These results underscore the potential of the pro-
posed technique for improving decoupling control in HESS applications
by improving on the limitations associated with conventional decou-
pling control techniques. Future research will focus on a comprehensive
analysis of the converter’s power losses and efficiency, with an explo-
ration of additional phase shift modulation techniques to further
enhance performance.
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