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Nonlinear Backstepping Controller for Magnetic
Linked DC-DC Converter
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Abstract—This paper presents an advanced nonlinear back-
stepping controller for a magnetic-linked DC-DC converter, de-
signed to achieve stable voltage regulation with zero steady-state
error, minimal settling time, and reduced chattering effects. The
controller’s performance is evaluated under various operating
conditions, including step changes in the reference signal, as
well as variations in load and input voltage. The proposed
controller features only a single adjustable gain parameter, which
simplifies the overall design process. The performance of the
controller is compared to that of the traditional proportional-
integral controller and other nonlinear sliding mode controllers,
such as the double integral sliding mode controller and the no
integral sliding mode controller. The results of simulations in
MATLAB/Simulink demonstrate that the backstepping controller
outperforms existing controllers in terms of overshoot, steady-
state error, and settling time. Experimental validation on a scaled-
down laboratory test platform further confirms the superior
control performance of the proposed backstepping controller for
magnetic-linked DC-DC converters.

Index Terms—Nonlinear backstepping controller, Magnetic
linked dc-dc converter, Robust voltage regulation, Sliding mode
controller.

I. INTRODUCTION

IN recent years, renewable energy has achieved extensive
attention due to the limitations of fossil fuels. In the case of

the vast use of renewable energy and DC loads, DC microgrids
are more compatible and reliable as there is no need for phase
and frequency synchronization issues with the grid [1]. The
conversion efficiency of the DC microgrid is also high because
it reduces the energy conversion stages [2].

Bidirectional power transmission across several voltage lev-
els in DC microgrids can be made possible by bidirectional
magnetic-linked DC-DC converters (MLDDCs). Due to their
several benefits, including galvanic isolation, simplicity of
structure, high conversion ratio, and high efficiency [3], the
MLDDCs are widely used in DC microgrid systems [4],
[5], renewable energy conversion systems [6], battery storage
systems [4], electric vehicles [7], [8], and solid-state trans-
formers [9]. Fig. 1 shows a schematic of a DC microgrid
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Fig. 1: Cofiguration of a DC microgrid system.

system with battery storage based on MLDDC, DC-DC, and
AC-DC converters. Depending on the operating mode, the
MLDDC battery storage system based on the system may store
or provide power. The designed controller for the MLDDC
should also ensure high conversion efficiency, high power
density, and high reliability of the MLDDC [3], [10], [11].

In order to provide galvanic isolation, dual-port MLDDCs
are made up of two single- or three-phase bridges coupled by
a high-frequency magnetic connection [12]. The three-phase
topologies need complicated control schemes as well as for
high-power applications. To reduce switching power losses,
the MLDDCs with a high-frequency magnetic link, single or
three-phase, can incorporate a resonant tank [13], although this
calls for extra passive components. Thus, MLDDCs without
resonant topologies are favored for applications that require
high power density [13]. The power flow is primarily con-
trolled by the phase shift between the voltage signals in two
active bridges. The control method for the dual active bridge
(DAB) can be classified into four types according to the control
variables, which are single phase shift (SPS) control [14],
extended phase shift (EPS) control [15], [16], dead phase shift
(DPS) control [17]–[20] and triple phase shift (TPS) control
[21]–[23]. Due to its simplicity in controlling active power
through phase shift adjustment, the single phase shift (SPS)
method is widely used [24].

The performance of the MLDCCs depends on the robustness
of the closed loop feedback control strategy [4], and a number
of linear and nonlinear controllers have been suggested to
deal with this problem. Small signal analysis of the MLDDC
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model was reported in [25] to suggest a conventional linear
proportional-integral (PI) controller. However, the performance
of the PI controller degrades when the operating point changes.
This indicates that it cannot properly tune its gain values.
A look-up table [26] based on nominal parameters of the
MLDDC was used to create a gain scheduling strategy for
the PI controller to solve this issue. As a result, parameter
uncertainties may have an impact on the system performance.

Many nonlinear controllers have been suggested as well to
overcome the problems and bandwidth constraints of linear
controllers. Among them, the feedback linearization method,
as suggested in [27], [28], is extremely dependent on an
accurate system model, which in turn affects how well the
controller performs. For the current control of MLDDC, a
different controller known as a fuzzy logic controller (FLC)
has been used [29]. Although no prior knowledge of the system
data is necessary for the FLC, it depends on some estimated
control variables, which need much tuning effort to map the
output with the input perfectly. Additionally, there is no proper
mechanism to demonstrate the FLC’s close-loop stability [30].
Using a structural simplicity and performance comparable to
other controllers, an artificial neural network-based controller
for MLDDCs was suggested in [4].

In [28], the no integral sliding mode (NISM) controller
for MLDDCs was presented. However, because there was
no integral term in the control equation, it suffered from
severe overshoot and steady-state error. Moreover, it is worth
mentioning that the sliding mode controllers suffer from a
chattering effect [31], [32]. Using integral terms in their
control equations, controllers for single integral sliding mode
(SISM) and double integral sliding mode (DISM) controllers,
as described in [32], considerably decreased steady-state error.
However, these controllers come with their own complexities.
Specifically, the SISM and DISM controllers require the tuning
of three and four adjustable gains, respectively, making the
tuning process more complex and analytically demanding.

The backstepping controller is favored over conventional
sliding mode controllers (SMCs) for MLDDCs because of its
continuous control input, which is essential for phase shift
modulation in DAB converters. Unlike SMCs, the backstep-
ping approach eliminates chattering, improves robustness, and
simplifies tuning by requiring only a single gain parameter,
thus improving efficiency and practicality in power electronics
applications [32].

To overcome these issues and address the challenges posed
by system nonlinearities, the same authors proposed a non-
linear backstepping controller (BSC) in [33]. This controller
is particularly well-suited for MLDDCs because it efficiently
handles nonlinearities with only one adjustable gain parame-
ter, in contrast to traditional sliding mode and proportional-
integral controllers that often require complex multi-gain tun-
ing. Furthermore, the design inherently mitigates chattering,
overshoot, and steady-state errors [34], [35].

Moreover, the proposed BSC provides a foundational frame-
work that can be adapted to control other DC-DC converter
topologies, particularly those involving bidirectional power
transfer and high-frequency magnetic links. By tailoring the
mathematical model to the specific characteristics of alter-

native converter architectures, this approach offers promising
potential for broader applications in renewable energy systems
and grid-connected converters [3].

This paper is extended by including experimental results
to validate the simulation performance of the proposed BSC.
In addition, the performance of the proposed BSC is tested
under different operating conditions. Furthermore, the superior
performance of the proposed controller compared to existing
controllers is quantitatively compared and presented in a more
comprehensive manner.

This research offers the following key contributions:
1) The study presents a mathematical model of nonlin-

ear BSC that is especially tailored for MLDDC. In
order to overcome the shortcomings of current control
techniques, the proposed BSC provides better stability
and voltage regulation throughout a range of operating
situations.

2) The nonlinear BSC for MLDDCs proposed in this study
provides continuous phase-shift modulation, removes
chattering, improves resilience, and is easy to tune using
a single gain parameter.

3) The proposed BSC is thoroughly compared to the non-
linear sliding mode controllers that are currently in use,
such as PI, NISM, and DISM controllers; and

4) The practical usefulness of the proposed BSC is con-
firmed by experimental validation.

The following is the structure of this article: In section 1,
bidirectional magnetic linked DC-DC converters and their uses
are introduced along with a thorough literature assessment.
The controller design and the dual-port MLDDCs circuit
architecture are described in depth in Section 2. In Section
3, the analysis and the results of the simulation are presented.
In Section 4, the analysis and results of the experiment are
covered. The research contributions and consequences based
on the findings are summarized in Section 5, which concludes
the paper.

II. METHODOLOGY

A. THE CONFIGURATION

1) Circuit Configuration of the Dual-port MLDDC: Fig. 2
illustrates the circuit design of the dual-port MLDDC. A high-
frequency magnetic connection links the two active bridges
H1 and H2, using magnetic coupling. The circuit includes
an equivalent inductance (Ls), an equivalent resistance (Rs),
two capacitors (Cs, Cdc), a smoothing inductor (Lf ) and its
internal resistance (Rf ). An auxiliary inductance can be added
to achieve the desired output power [3]. The low-voltage
battery connected to the high-frequency transformer on the
primary side is represented by H1, while the high-voltage DC
bus connected to the secondary side is represented by H2. The
Cdc smoothing capacitors emulate the magnetic connection.

To achieve a smooth current, the input inductor (Ls) is used.
The equivalent inductance (Ls) is composed of the winding
leakage inductance and additional inductance on the secondary
side, given as Ls = La+n2LLV +LHV . Here, LLV and LHV

denote the winding leakage inductances, and La represents the
additional inductance responsible for regulating the power of
the MLDDC.
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Fig. 2: Configuration of a dual-port MLDDC.

The equivalent resistance (Rs) is the sum of two resistances,
expressed as Rs = Ra+n2RLV +RHV . Here, RLV and RHV

represent the internal resistances of the magnetic connection,
Ra denotes the resistance of the additional inductance, and n
is the transformer turn ratio.

This research focuses on the control of an isolated bidirec-
tional dual-active-bridge (DAB) DC-DC converter, where the
low-voltage (LV ) side of the DAB converter is connected to
the battery, and the high-voltage (HV ) side is connected to
the DC bus. The operation of the DAB converter is governed
by the higher-level controller of the system [36].
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Fig. 3: Representation of the primary voltage of the transformer
referred to as secondary (nv1) and the voltage at the terminal of
H2 the bridge (v2) and the corresponding inductor current.

2) Operation of the dual-port MLDDC: Fig. 3 shows the
MLDDC voltages at both ends of the analogous inductor and
the current flowing through the inductor for single phase-
shift modulation (SPSM). A positive phase-shift ratio in this
illustration means that the voltage in the primary (v1) with
respect to the secondary is higher than the voltage (v2). The
phase difference and magnitudes of the voltages (nv1, v2) at
the two ends of the inductor determine the forms of the current
and voltage.

The average power (Pout) delivered can be expressed as
follows [32], [37]:

Pout =
n|v1||v2|
2fLs

δ(π − δ)

π2
=

n|v1||v2|
2fLs

d(1− d) (1)

Equation (1) indicates that the voltages (n|v1|, |v2|) the
phase shift angle (δ) or the phase shift ratio (d), the equivalent
inductance ((Ls) and the switching frequency (f ) determine
the magnitude and direction of power flow if dead time and
power losses in semiconductor devices are not taken into
account. This is where the power for the bridge comes from,
producing the voltage that leads to the square wave. Power
will be transferred to the DC bus from the battery side in the
event of a positive phase change. If there is a negative phase
shift, the direction of power flow will be reversed.

3) Dynamic Equations of the Output Voltage and Current :
A low-frequency harmonic model can be created for the output
voltage and current of the dual-port MLDDC for the SPSM

[26], based on the Fourier series of the switching function.
The dynamic equation for the output voltage of the MLDDC
can be derived as follows:

dvdc
dt

= − 8

Cdcπ2

∞∑
k=1,3,5,...

cos {ϕz(k)}
k2|Z(k)|

vdc

+
8

Cdcπ2

∞∑
k=1,3,5,...

cos {kδ − ϕz(k)}
k2|Z(k)|

nvb(t)−
idc
Cdc

(2)

The expression for the output current equation can be pre-
sented as:

dib
dt

= −Rf

Lf
ib +

8

LfCs

∞∑
k=1,3,5,...

sin(δ − ϕz(k))

π2|Z(k)|
vdc
n

−

 1

Lf
+

∞∑
k=1,3,5,...

sin(ϕz(k))

 vb (3)

where
|Z(k)| =

√
R2

s + (kωsLs)2 (4)

and
ϕz(k) = tan−1

(
kωsLs

Rs

)
(5)

here ωs represents the switching frequency in rad/s, k denotes
the harmonic order (k = 1, 3, 5, ...), and |Z(k)| and ϕz(k) rep-
resents the phase angle and impedance between the two active
bridges of the MLDDC, respectively. Due to the robustness
of the BSC and SMCs, in this study only the fundamental
harmonic component (k = 1) is taken into account [34], [35],
[38].

B. CONTROLLERS DESIGN

In this part, the controller design process is described, which
identifies the phase-shift ratio (d) and the required phase-shift
angle (δ). Using Lyapunov stability theory, the stability of the
systems is examined. Assuming the following for the system
with a disturbance (E):

dvdc
dt

= v̇dc = α(vdc) + β.u+ E (6)

where u is designated as a new control input and is a function
of δ in the manner described below. The two non-linear
functions are α and β.

u = cos(δ + δ0 − ϕz(1)) (7)

In this case, ϕz(1) at the switching frequency is found from
(5). In light of (2) and (6), it follows that:

α(vdc) = − 8

Cdcπ2

cos(ϕz(1))

|Z(1)|
vdc (8)

β =
8

Cdcπ2

nvb
|Z(1)|

(9)

Considering the load current effect as a disturbance, then:

E = − idc
Cdc

(10)

Considering δ0 − ϕz(1) =
π
2 in (7):

u = sin(δ∗) (11)

where δ∗ is the phase shift angle reference.
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1) Design of the Proposed Backstepping Controller: Con-
sidering only the state of the voltage condition for which the
tracking error e is computed and represented as [39]:

e = vdc − vdc(ref) (12)

where the output voltage reference value is vdcref . Just differ-
entiating (12) yields the following error dynamic equation:

ė = v̇dc − v̇dc(ref) (13)

By inserting v̇dc from (2) into equation (12), the following can
be deduced:

ė = − 8

Cdcπ2

cos{ϕz(1)|Z(1)|}
vdc

+
8

Cdcπ2

nvb
|Z(1)|

sin δ∗ − idc
Cdc

− v̇dc(ref) (14)

A stable system dynamic is achieved by computing the phase-
shift angle δ in such a way that (i.e., e → 0 as t → ∞). The
system energy function may be described as follows using the
Lyapunov stability theorem:

W =
1

2
e2 (15)

Once the derivative of (15) is calculated, it may be expressed
as Ẇ = eė (16)

When the value of e is changed from (14) to (16), the result
is as follows:

Ẇ = e

{
− 8

Cdcπ2

cos(ϕz(1))

|Z(1)|
vdc

+
8

Cdcπ2

nvb
|Z(1)|

sin δ∗ − idc
Cdc

− v̇dc(ref)

}
(17)

Lyapunov’s theory states that the system can only be consid-
ered asymptotically stable if and only if Ẇ < 0. If (18) turns
out to be true, then this condition can hold.

− 8

Cdcπ2

cos(ϕz(1))

|Z(1)|
vdc

+
8

Cdcπ2

nvb
|Z(1)|

sin δ∗ − idc
Cdc

− v̇dc(ref) = ke (18)

where k is a negative constant that determines the convergence
rate of error. With this, (17) can be modified as:

Ẇ = ke2 (19)

From (19), it can be deduced that the system is asymptotically
stable according to the stability condition. From (18), the
reaching law can be written as follows:

sin δ∗ =

[(
Cdcπ

2

8

)
|Z(1)|
nVb

]
×
[(

8

Cdcπ2

)
cos(ϕz(1))

|Z(1)|
Vdc +

idc
Cdc

+ v̇dc(ref) + ke

]
(20)

δ∗ = sin−1
[
β−1

(
α(Vdc) + E + v̇dc(ref) + ke

)]
(21)

The gain k < 0 ensures asymptotic stability (Ẇ = ke2 <
0), with |k| tuned to balance convergence rate, avoid control
saturation (| sin(δ∗)| ≤ 1), and reject disturbances. Robustness
is validated under ±10% and ±25% parametric variations. The
formula for calculating the phase-shift ratio (d∗) is as follows:

-
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Fig. 4: Diagram illustrating the control architecture of the backstep-
ping controller developed for the dual-port magnetically coupled DC-
DC converter.

TABLE I: Simulation model parameters of the MLDDC.
Parameters Values

Rated output power (Pout) 1415 W
LV side voltage (Vb) 75 V

HV side voltage (Vdc) 340 V
Transformer turn ratio (n) 4.53 (≈ 340/75)

Equivalent series inductance referred to 1.02 mH
secondary side ((Ls)

Capacitance (Cdc) 600 µF
Primary-side dc inductance ((Lf ) 16 µH

Sampling / switching frequencies (f) 100 kHz

d∗ =
δ∗

π
(22)

The suggested BSC controller created for the MLDDC is
depicted in Fig. 4, which is the control block diagram. T1, T2,
T3, and T4 are the four IGBTs that make up the first active
bridge H1, whereas T5, T6, T7, and T8 make up the second
active bridge H2. A phase-shifted version of the PWM signal
directed towards the H1 bridge powers the H2 bridge via an
input signal. Equations (21) and (22) are utilized by the BSC
controller to determine the phase-shift amount.

Double integral sliding mode control (DISMC) was chosen
over simple integral sliding mode control (ISMC) because
it is better able to handle higher-order uncertainties, reduce

TABLE II: Controller gain parameters.
Controllers Parameters Values

PI kP , kI 0.015, 0.50
NISM kNI , µNI 1, 1× 103

DISM k1, k2, kDI , µDI 1.08× 103, 1× 10−30,
1× 10−12, 20× 103

BSC k −15× 103
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steady-state errors, and improve convergence rates in complex
dynamic systems. Consequently, DISMC is considered a more
suitable option for the system under investigation. In addition,
since the design procedure for sliding mode control is nearly
identical to that of the proposed BSC, a brief description of
the SMC design is provided here.

2) Design of the Sliding Mode Controller: The sliding
surface for NISMC and DISMC be defined as follows [31],
[32]:

SNI = e (23)

SDI = e+ k1

∫
e dt+ k2

∫ ∫
e dt dt (24)

let the Lyapunov energy functions for NISMC and DISMC be

WNI =
1

2
S2
NI (25)

WDI =
1

2
S2
DI (26)

Taking the derivative of Eqn. (25) and (26), we obtain:

ẆNI = SNI

(
α(Vdc) + βu+ E − V̇dc(ref)

)
(27)

ẆDI = SDI

(
α(Vdc) + βu+ E − V̇dc(ref)

+k1e+ k2

∫
e dt

)
(28)

Let,

α(Vdc) + βu+ E − V̇dc(ref) = −kNIβ sign(SNI) (29)

α(Vdc) + βu+ E − V̇dc(ref) + k1e+ k2

∫
e dt

= −kDIβ sign(SDI) (30)

where generally the signum function is defined as sign(S) =
|S|
S .Now, putting Eqn. (29) and (30) to Eqn. (27) and (28)

respectfully, the following terms are obtained:

ẆNI = −kNIβ|SNI | (31)

ẆDI = −kDIβ|SDI | (32)

From Eqn. (31) and (32), it can be deduced that both DISMC
and NISMC will be asymptotically stable if and only if kNI ,
kDI and β is positive. Now, from (29) and (30) following
control inputs are obtained:

uNI = −β−1
(
α(Vdc) + E − V̇dc(ref)

)
− kNIsign(SNI) (33)

uDI = −β−1

(
α(Vdc) + E − V̇dc(ref) + k1e+ k2

∫
e dt

)
− kDI sign(SDI) (34)

Replacing the ”sign” function with a hyperbolic tangent (tanh)
function to obtain a smooth control signal in equations (33)
and (34), from equation (11) the control input can be found
as:

δ∗NI = − sin−1
[
β−1

(
α(Vdc) + E − V̇dc(ref)

)
+ kNI tanh

(
SNI

µNI

)]
(35)

δ∗DI = − sin−1

[
−β−1

(
α(Vdc) + E − V̇dc(ref) + k1e

+ k2

∫
e dt

)
+ kDI tanh

(SDI

µDI

)]
(36)

where µNI and µDI are two constants, which determine the
boundary layer k1, k2, kNI and kDI are positive constants.
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Fig. 5: Voltage control performance for stepwise load change with
the proposed BSC: (a) load power, (b) phase-shift ratio and (c) dc-bus
voltage.

III. SIMULATION RESULTS AND ANALYSIS

The performance of the proposed BSC is evaluated in
MATLAB/Simulink and compared to PI, NISM and DISM
controllers. As mentioned earlier in our paper, our proposed
BSC controller consists of only one gain parameter, k. From
equation (19) in our manuscript, the value of k needs to be
negative to make the system asymptotically stable according to

This article has been accepted for publication in IEEE Transactions on Industry Applications. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TIA.2025.3606450



6

the Lyapunov stability theory. According to this condition, the
value of k has been selected by trial and error considering
minimal overshoot, the smallest transients and the lowest
settling times. As the BSC needs only one gain parameter,
it is very easy to tune practically. The system parameters and
controller gains that provide the best performance are listed in
Table I and Table II, respectively.

The effectiveness of the suggested BSC is shown in Fig. 5(a)
for various loads, such as 144.50 W, 578.00 W, and 979.66
W. The controller can monitor the reference voltage extremely
well under all working conditions, as Fig. 5(c) demonstrates,
with the exception of a very low fluctuation of 0.0018%. Here,
the phase shift ratio is positive because the power is transferred
from the LV side to the HV side, as shown in Fig. 5(b).

TABLE III: Comparative analysis between controllers

Variation Performance Control strategy
Para

-meters Metrics NISMC DISMC PI BSC

Load

DC-bus
voltage

Settling
time (t/ms) 71.5 71.4 90.4 71.2

Overshoot (%) 3.08 2.76 3.39 2.17
Undershoot (%) 0 0 2.43 0

Steady-state
error (%) 0.035 0.027 0.100 0.021

Inductor
current

Settling
time (t/ms) 400.0 393.4 402.5 373.2

Overshoot (%) 88.26 30.03 91.02 23.38
Undershoot (%) 87.86 30.29 94.05 24.67

Steady-state
error (%) 0.173 0.095 0.306 0.085

Reference
voltage

DC-bus
voltage

Settling
time (t/ms) 211.0 210.6 305.4 210.4

Overshoot (%) 16.84 16.29 58.36 15.91
Undershoot (%) 0 0 24.37 0

Steady-state
error (%) 0.029 0.019 0.501 0.015

Input
voltage

DC-bus
voltage

Settling
time (t/ms) 82.1 73.0 98.7 66.5

Overshoot (%) 2.96 2.95 2.73 1.98
Undershoot (%) 2.62 1.03 2.33 0

Steady-state
error (%) 0.004 0.006 0.059 0.001

Fig. 6: Comparisons of voltage control performance for a sudden load
change.

Fig. 6 compares the voltage control under abrupt load
changes using the proposed BSC with PI, NISM, and DISM
controllers. The figure shows that the PI controller exhibits
considerable transient behavior, with higher settling time (90.4
t/ms), overshoot (3.39%), undershoot (2.43%) and stedy-state
error (0.1%), indicating its inability to properly track the

voltage during 0.22 ms under sudden load changes. Therefore,
the PI controller is excluded from further comparisons. NISM
reduces chattering by adjusting k or increasing µ, but this
results in longer settling times and increased steady-state error.
Controller gains were selected for the lowest settlement times,
minimal overshoot, and smallest transients. DISM shows a
steady-state error of 0.027% with good transient response and
no chattering. Although BSC has a slightly higher start-up
overshoot than DISMC; it requires only one gain parameter
versus the three- and integral action of a DISMC. However, the
proposed BSC outperforms both NISM and DISM, achieving
a steady-state error of 0.021%, a shorter settling time (71.2
ms), and lower overshoot (2.17%).

Fig. 7: Comparisons of equivalent inductor currents for a sudden load
change with the proposed BSC and existing NISMC and DISMC.

Fig. 7 shows the inductor currents for different controllers.
The NISM controller consistently exhibits chattering during
a sudden load change between 0.2675 s and 0.2682 s. The
DISMC and BSC show lower chattering issues, but the in-
ductor current is much higher in the DISMC than in the BSC.
This results in a slower steady-state error of 0.085% compared
to DISM and NISM, indicating a lower design cost for the
BSC. Table III shows that for abrupt load variations, the BSC
has a shorter settling time (373.2 ms), less overshoot (23.38%)
and less undershoot (24.67%) compared to existing DISM and
NISM controllers.

Fig. 8: Voltage control performance at changing the reference voltage.

Fig. 8 shows a sudden change in the reference voltage
from 340 V to 280 V at 0.2 s. The NISM controller exhibits
significant chattering with a 16.84% overshoot, while the
DISM controller has a lower overshoot (16.29%) but a 0.13%
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steady-state error. However, the proposed BSC performs both
with 0.015% steady-state error, shorter settling time (210.4
ms) and less overshoot (15.91%).

Fig. 9: Voltage control performance when the input voltage is
changed.

Fig. 9 illustrates the change in the input voltage of 30% at
0.2 s to compare the control performances of the BSC, NISM,
and DISM controllers. The DISM controller shows less chat-
tering than the NISM controller but struggles with reference
voltage tracking. However, the proposed BSC demonstrates
superior performance with 0.001% steady-state error, shorter
settling time (66.5 ms) and lower overshoot (1.98%).

The performance metrics in Table III compare the PI,
DISMC, BSC and NISMC controllers based on variations in
DC-bus voltage, inductor current, reference voltage and input
voltage.

To evaluate the robustness of the proposed nonlinear BSC
for the MLDDC, a parametric uncertainty analysis is per-
formed. In practical scenarios, variations in the transformer
turn ratio (n), equivalent series inductance (Ls), and DC-
link capacitance (Cdc) of the dual-port MLDDC can arise
due to manufacturing tolerances, temperature fluctuations, or
component aging. This analysis examines the BSC’s inherent
capability to manage such uncertainties using a single gain pa-
rameter, while ensuring system stability through a Lyapunov-
based framework.

The nominal parameters listed in Table I (n = 4.53,
Ls = 1.02mH, Cdc = 600 µF) were perturbed by ±10%
and ±25% within the BSC control law to evaluate robust-
ness. The resulting DC-bus voltage response was analyzed
by measuring key performance indicators, including settling
time, overshoot, undershoot, and steady-state error. The results
are summarized in Table IV and illustrated in Fig. 10. For
variations in the transformer turn ratio (n), as shown in Fig.
10(a), the output voltage successfully tracks the reference
of 340 V, with settling times below 75 ms and steady-
state errors ranging from 0.021% under nominal conditions
to a maximum of 0.035% at a +25% deviation. Inductance
variations (Ls), presented in Fig. 10(b), result in a modest
increase in overshoot, reaching approximately 2.85% at +25%
variation, while overall system stability is preserved. Changes
in the DC-link capacitance (Cdc), illustrated in Fig. 10(c),
exhibit minimal influence on system performance, with steady-
state errors remaining below 0.030% and settling times under
72.3 ms. These results demonstrate that, despite parametric

(a) Transformer turn ratio variation

(b) Inductance variation

(c) Capacitance variation

Fig. 10: DC-bus voltage response under parametric uncertainty: (a)
transformer turn ratio (n), (b) inductor (Ls), and (c) capacitor (Cdc).

uncertainties, the proposed nonlinear BSC effectively regulates
the output voltage and reliably brings the system to the desired
stable operating point.

IV. EXPERIMENTAL RESULTS

A prototype of a bidirectional MLDDC, as shown in Fig.
11, is built to verify the effectiveness of the advanced non-
linear BSC proposed. The rated voltage on the low-voltage
side is 50 V, while the DC bus voltage is 150 V. The
experimental setup consists of Imperix power modules, a DC
power supply, an electronic DC load, Imperix B-Box RCP, and
magnetic components to test the control scheme.Experimental
results were obtained using Imperix Cockpit software, a robust
real-time monitoring and control tool specifically designed
for power electronics systems. The proposed controller relies
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TABLE IV: Parametric uncertainty analysis results

Parameter Variation Settling
Time (ms)

Overshoot
(%)

Steady-State
Error (%)

Nominal 71.2 2.17 0.021
+10% 72.5 2.20 0.025

Transformer
Ratio (n) -10% 72.0 2.25 0.024

+25% 74.8 2.52 0.035
-25% 74.5 2.55 0.032

Nominal 71.2 2.17 0.021
+10% 73.0 2.40 0.028

Inductor
(Ls) -10% 72.8 2.35 0.027

+25% 75.5 2.85 0.038
-25% 75.2 2.80 0.036

Nominal 71.2 2.17 0.021
+10% 71.8 2.20 0.023

Capacitor
(Cdc) -10% 71.5 2.18 0.022

+25% 72.3 2.25 0.030
-25% 72.0 2.22 0.028

Fig. 11: Photo of the experimental setup of BSC.

solely on standard, readily available measurements (input and
output voltages, inductor current) and does not require any
additional sensors or specialized hardware beyond what is
typically required in conventional converter control schemes.
The parameters of the experimental setup are presented in
Table V.

Fig. 12 illustrates the output voltage response of the BSC
during a step load increase from 150 W to 250 W at 0.1
s. The DC bus voltage remains well regulated at 150 V,
exhibiting minimal chattering and a small overshoot of 0.23%.
The steady-state error is also very low, at 0.1%.

The BSC for the MLDDC output DC bus voltage is shown
in Fig. 13 after an abrupt load drop from 250 W to 150 W at
0.1 s. With only slight chattering and an overshoot of 0.80%,
the output voltage is well regulated.

The BSC voltage tracking performance for a sudden change
in reference DC bus voltage is shown in Fig. 14 and Fig.
15. Fig. 14 displays the output DC bus voltage for a sudden
increase in reference voltage from 150 V to 175 V, while

TABLE V: Experimental Model Parameters of the MLDDC.

Parameters Values
Rated output power (Pout) 250 W

LV side voltage (Vb) 50 V
HV side voltage (Vdc) 150 V

Transformer turn ratio (n) 0.25 (≈ 1 : 4)
Equivalent series inductance referred to 47 µH

secondary side (L)
Capacitance (Cdc) 470 µF

Primary-side dc inductance (Ls) 55 µH
Sampling / switching frequencies (f) 100 kHz

Backstepping controller gain parameter (K) -8000
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Fig. 12: Experimental waveforms showing the step-up in load varia-
tion from 150 W (140 ohms) to 250 W (90 ohms) using the BSC.
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Fig. 13: Experimental waveforms with step-down in load from 250
W (90 ohms) to 150 W (140 ohms) using the BSC.

Fig. 15 shows the response to a decrease in reference voltage
from 150 V to 125 V. In both cases, the proposed controller
effectively tracks the reference voltage within a very short time
period, specifically 6.20 ms and 7.36 ms, respectively.

The dynamic performance of the proposed controller (BSC)
in response to a change in input voltage is depicted in Fig. 16.
The input battery voltage suddenly decreases from 50 V to
40 V at 0.04 seconds. The BSC voltage tracking capabilities
show excellent reference DC bus voltage following, with only
minor chattering and a minimal steady-state error of 0.4%. The
experimental output performance parameters are summarized
in Table VI.

TABLE VI: Experimental result performance

Variation Control
strategy

Changing
time (t/s)

Performance
metrics

Settling
time (t/ms)

Over-
shoot(%)

Under-
shoot(%)

Load Increasing 0.1 0 0.23 0
Decreasing 0.1 0 0.80 0

Reference
voltage

Increasing 0.05 6.20 0.11 0
Decreasing 0.05 7.36 20.07 0

Input
voltage - 0.04 0 0.54 0

The voltage waveform serves as a key performance indica-
tor, encapsulating the controller’s ability to maintain system
stability and regulate output under dynamic conditions. Since
voltage deviations directly correlate with system disturbances,
analyzing their response provides reliable validation of the
controller’s effectiveness. Experimental results confirm that the
proposed BSC effectively regulates the DC bus voltage, ensur-
ing stability, transient suppression, and dynamic adaptability.
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Fig. 14: Experimental waveforms showing the response to a step-up
voltage reference from 150 V to 175 V using the BSC.
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Fig. 15: Experimental waveforms for a step-down voltage reference
transition from 150 V to 125 V using a BSC.

The strong correlation between simulation and experimental
findings further reinforces that the dynamic phase shift ratio
of the BSC and the current waveforms align with the the-
oretical predictions in Table III. Additionally, the proposed
bidirectional MLDDC controller demonstrates exceptional per-
formance in various dynamic scenarios, including abrupt load
changes and sudden variations in reference and input voltages.
It ensures robust voltage regulation with minimal chattering
and overshoot. Fast response times in voltage tracking tests,
combined with low steady-state errors, further validate the
efficacy of the controller, confirming its ability to maintain
stable and reliable operation under various conditions.

V. CONCLUSION

In this paper, a non-linear backstepping controller (BSC) for
a magnetic-linked DC-DC converter (MLDDC) is proposed.
The controller is designed based on the nonlinear dynamic
model of the MLDDC, which is developed using the Fourier
series of the switching function. The performance of the
BSC is evaluated by simulation and compared with existing
controllers such as PI, NISMC, and DISMC under various
conditions. The BSC tracks the reference voltage with the
smallest fluctuation. A comparative analysis during a sudden
load change (144.5 W to 903.13 W) demonstrates that the
BSC outperforms other controllers with an overshoot of 2.17%
(compared to 2.76% for DISMC, 3.08% for NISMC, and
4.38% for PI) and a steady-state error of 0.021% (compared
to 0.027% for DISMC, 0.035% for NISMC, and 0.044% for
PI). The BSC also shows faster settling times: 0.2 ms faster
than the DISMC, 0.3 ms faster than the NISMC and 0.18
ms faster than the PI controller. Furthermore, the BSC has a
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Fig. 16: Experimental waveforms with input voltage change from 50
V to 40 V using a BSC.

lower inductor current of 5 A, compared to 18 A for DISMC
and 42 A for NISMC. The parametric uncertainty analysis
further confirms the BSC’s robustness, effectively maintains
DC bus voltage near desired 340 V despite±10% and ±25%
variations in transformer turn ratio (n), inductor (Ls), and
capacitor (Cdc).

The performance of the BSC is further validated through
experimental tests involving an 11.764% change in reference
voltage and a change of 20% in the input voltage, where
it demonstrated superior performance with minimal steady-
state error and overshoot. Experimental results confirmed the
effectiveness of the BSC in controlling the MLDDC, with the
output voltage remaining well regulated during step increases
in load from 150 W to 250 W and step decreases from 250 W
to 150 W. The BSC exhibited minimal chattering, small over-
shoots (0.23% for the increase and 0.80% for the decrease),
and a steady-state error of only 0.1%. These experimental
results closely match the simulation results, thus validating
the effectiveness of the proposed controller. Future work will
explore integrating an adaptive or integral action to further
enhance performance under severe parametric uncertainty and
extend the approach to other converter topologies for broader
applicability.
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