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Abstract

With the growing need for high-efficiency power conversion in renewable
energy, transport and grid applications, research on innovative DC-DC
converter topologies has been accelerated. Among these, Single Active Bridge
(SAB) converter has received much attention for its structural simplicity,
compactness, and low switching losses. However, the performance of the
resulting system is limited when controlled using conventional proportional-
integral (PI) control schemes due to the presence of oscillations, voltage
overshoot and poor dynamic performance under line disturbances. This paper
reports a comprehensive dynamic analysis of SAB converter under step-to-step
line variation using a cascaded control strategy with inner current loop and
outer voltage loop. The converter is modeled in state-space averaging, the
transfer functions of voltage and current loops are derived, and then the model
is simulated in MATLAB/Simulink under different supply conditions. As
shown in Figures 8 and 9 with the summary of results in Table 1, the cascaded
control has a smaller peak-to-peak overshoot and better settling time than the
single-loop PI control because the maximum overshoot is 25 V and 27 V for
the line increase and line drop tests, respectively. Furthermore, SAB converter
applications in renewable energy systems, solid-state transformers, electric
vehicles, and future HVDC/MVDC networks are also discussed to show the
versatility of the topology. The results show that cascaded control increases the
robustness of SAB converters against the perturbation, therefore these
converters are better candidates for the next generation high power and
renewable energy applications.
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1. INTRODUCTION

With the tremendous development of power electronics, modern industrial, commercial and domestic
systems have been revolutionized for efficiency, compactness and reliability. A DC-DC converter is one
of the most important components of such systems, as it can efficiently convert voltage levels while
delivering stable power to the loads. Unlike linear regulators, DC-DC converters based on switching
technology have higher energy efficiency and more flexibility for meeting the power requirements of
demanding applications such as microelectronics, as well as serving large scale renewable energy grids
[1-3]. The ability of these converters to scale up and down voltage and isolate circuits while minimizing
energy losses makes them invaluable to modern power electronic design.

The single most obvious driver for the increasing use of DC-DC converters is the need for high-
frequency switching to allow higher power density, smaller passive element sizes and better transient
response. In addition, the magnitude and weight of inductors and capacitors may be minimized by
increasing the frequency, which is necessary in applications where a small sized and lightweight system
is needed, for example in electric vehicles and portable electronics [5,6]. However, with the trend
towards high frequency operation, new challenges such as higher switching and conduction losses,
electromagnetic interference (EMI) and thermal management issues are added [7]. Furthermore,
parasitic components of the semiconductor devices and circuit geometries cause increased switching
transients that lead to low efficiency and potential reliability problems [8]. Therefore, despite the
advantages associated with operation at higher frequency, it requires new topologies and control
methods to mitigate these losses in performance [9].

It is also emphasized that DC-DC converter has a wide range of applications in the modern technologies.
In the Internet of Things (IoT) space, these converters are critical components in powering low-voltage
sensors, microcontrollers, and communication modules where efficiency directly translates to device
life. In addition, in industrial robots and automation, DC-DC converters are used for motors and
actuators, which allows for precise and stable voltage regulation, ensuring reliability and accuracy in
high-speed movements. In renewable energy systems, especially solar photovoltaic (PV) array and wind
turbine system, the DC-DC converter is applied for maximum power point tracking (MPPT) to obtain
the appropriate power under different environmental conditions [12]. Moreover, high efficiency DC/DC
power supplies are extensively used in data centers and cloud computing infrastructure for stable
operation in the event of huge power load, and even a minor efficiency improvement results in huge cost
and energy savings [13]. DC-DC converters have found their way into many different types of
applications, and are a vital component of consumer and large industry systems.

Within this large family of topologies, the Single Active Bridge (SAB) DC-DC converter has emerged
as an attractive topology owing to its structural simplicity, low component number and possibly high
efficiency [14]. SAB converters have low switching losses and conduction losses, compared with more
complex converters such as the Dual Active Bridge (DAB). However, in spite of these merits, SAB
converters have poor dynamic responses in terms of input line changes and load disturbances. Under
these conditions, voltage overshoots, long settling times and oscillations are manifested which directly
influence the stability and efficiency of the overall system [15]. Although traditional Proportional-
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Integral (PI) control is being widely used, it is proved that the PI controller is not sufficient for
compensating the nonlinearity of SAB converter, particularly under the high frequency switching
controlling [16]. However, increased demands for advanced and robust control strategies to suppress
transient perturbations, oscillations and improve the dynamic response are continuously growing.

Therefore, this study can be regarded as a contribution to dynamic analysis of SAB converters under the
conditions of line variation using a cascaded control scheme. Cascade control is used to achieve a more
stable and better disturbance rejection than the single loop PI controller by combining the inner fast
current loop and outer voltage regulation loop. Beside the performance improvement, solving those
problems will also greatly increase the credibility of SAB converters for strategic applications like
renewable integration, electric vehicles, and future high voltage DC.

3. Literature Review
3.1 DC-DC Converter Topologies

A variety of DC-DC converter topologies have been researched over the past two decades in order to
achieve better performance, higher power density, and lower system cost. The most common are the
buck and boost converters which are at the core of many advanced power conversion systems. The buck
converter is used to step down the voltage with a relatively low switching loss, while the boost converter
is used to step up the input voltage to desirable levels for many applications such as automotive
electronics, and integration with renewable sources [20]. In more complicated applications, bidirectional
converters have been getting popular because they can allow power transfer in both directions and this
property is required for energy storage systems, hybrid electric vehicles and distributed renewable
generation [21]. Multiple-output DC/DC converters, however, are attracting attention in compact
systems, e.g., central processing unit (CPU), portable electronics, and communication apparatus in
which miniaturization and efficiency are important requirements [22].

In renewable energy systems, DC/DC converters are the core for efficient power conversion. In solar PV
arrays they provide the required voltage regulation and interface to maximum power point tracking
(MPPT) algorithms. In electric vehicles (EVs), converters form the interface between the battery pack
and the traction systems and provide steady operation under the load conditions that rapidly change over
time [23]. The scope of the converter applications has further expanded with the advent of high-voltage
and medium-voltage DC (HVDC/MVDC) systems, which offer the benefits of galvanic isolation and
active power flow control as well as stabilization of the DC microgrids [24]. However, the increase in
converter topology also leads to corresponding design parameter challenges, thermal management
challenges, and electromagnetic interference (EMI) suppression challenges [25].

3.2 Maximum Power Point Tracking (MPPT) in DC-DC Converter

The combination of MPPT methods with DC-DC converters is one of the major innovations in
renewable energy systems. Photovoltaic panels and wind turbines are inherently nonlinear sources and
output power varies with changes in irradiance, temperature, and wind speed. The conventional active
power point tracking (MPPT) equipped DC-DC converter-based system can operate near the optimal
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power point to maximize the energy yield [26]. Perturb and observe (P&O) and incremental
conductance approaches are some of the most widely used MPPT schemes; these algorithms are usually
incorporated with buck, boost or buck-boost converters [27]. However, conventional control techniques
are generally difficult under fast-changing environmental conditions, and intelligent MPPT controllers
based on fuzzy logic and artificial neural network have been explored [28].

In wind energy systems, MPPT with DC-DC converter is important for processing the wind speed
fluctuation in wind energy systems. By using step-up converters with dynamic duty ratio control, the
maximum available energy can be continuously extracted from wind turbine systems even under
turbulent environment [29]. Hybrid MPPT methods based on classical and intelligent control approaches
have been reported to improve the tracking speed and decrease oscillations around the MPPT [30].
Furthermore, MPPT efficiency is tightly correlated with switching strategy of the converter, and high-
frequency soft-switching methods not only minimize energy loss, but also enhance the speed of system
dynamic response [31]. These advancements underline the importance of DC-DC converters not only as
voltage regulators but as smart interfaces that actively contribute to the optimization of renewable
energy systems.

3.3 HVDC and High Power Applications

For modern power transmission and distribution system, high-voltage direct current (HVDC) and
medium-voltage direct current (MVDC) are becoming more and more popular. A key enabler of these
systems is the DC-DC converter, tasked with providing the correct voltage stepping as well as power
flow regulation and fault isolation. HVDC converters can be generally categorized into isolated and non-
isolated topologies with each having their pros and cons. The isolated converters with high-frequency
transformers offer galvanic isolation and further safety, which are appropriate for offshore wind farms
and large-scale interconnections [32]. Non-isolated converters however are structurally simpler and
more efficient but are usually limited in application where electrical isolation is required [33].

One of the critical issues in HVDC applications is to control the interfacing between the several
converters connected to a shared DC bus. High switching frequencies bring further design concerns such
as higher EMI and thermal stress, and large power-handling requirements need powerful semiconductor
devices and good cooling devices [34]. It has also been noted that modular converter architectures are a
key requirement for improved scalability, redundancy and fault tolerance, particularly for offshore and
subsea applications [35]. Furthermore, sophisticated control techniques such as model predictive control
and sliding mode control have been implemented in HVDC converters for better dynamic stability
during the sudden occurrence of line disturbances [36]. Overall, while HVDC DC-DC converters offer
new possibilities for high-power applications, their design is still a trade-off between efficiency,
reliability, and cost-effectiveness.

3.4 SAB Converter

The Single Active Bridge (SAB) converter has been investigated widely in recent years because of its
structural simplicity and lower component count compared with other isolated converters. SAB
converters have low switching and conduction losses and are therefore attractive for medium power
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applications such as telecommunication, hybrid electric vehicles, and renewable energy systems [37].
The high efficiency is realized by virtue of the single active bridge on the primary side only, while the
secondary side is formed of passive rectifiers, leading to low switching device stress [38]. Despite these
benefits, SAB converters suffer from a number of issues, namely oscillations, slow dynamic response,
and EMI problems under line transients [39].

These trade-offs are illustrated by comparison with other topologies. For example, the bidirectional
power converter Dual Active Bridge (DAB) offers bidirectional power flow and better controllability,
but has higher conduction losses as a result of the extra active switches [40]. Similarly, full-bridge
converters provide high voltage gain but add to the circuit complexity and cost. On the other hand, the
SAB converter is still economical but needs advanced control implementation to avoid overshooting and
achieve voltage control in the presence of disturbances [41].

SAB converters have applications in a number of areas. In photovoltaic (PV) systems, SAB converters
are efficient step-down converters which can be interfaced with MPPT algorithms. SAB converter is
considered a potential candidate for wind farms, where the medium voltage DC grid is an important
characteristic [42]. They have also been used in solid-state transformers, where compactness and
efficiency are important, and in electric vehicle charging stations, where the minimization of power loss
during conversion is a key criterion [43]. More recently, the SAB converter for smart distribution
networks has also been investigated, where it can be used as a stability controller for hybrid renewable
and storage networks [44]. Also, the literature has been increasingly emphasizing the fact that despite
the simplicity and efficiency of SAB converters, the dynamic limitations of SAB converters require
improved controller (i.e., cascaded controller, resonant controller, or intelligent controller) to support
their use in next generation power systems [45].

4. SAB Converter Overview
4.1 Structure and Operation

Among the interconnection DC-DC converter topologies, the Single Active Bridge (SAB) converter is
one of the simplest isolated DC-DC converter topologies, which consists of a controllable half-bridge at
the primary side, a high-frequency transformer for isolation, and a passive rectifier at the secondary side.
Usually, the active bridge is constructed by two MOSFETs or IGBTs and the diodes on the secondary
side are carrying unidirectional current rectification [46]. During operation the switching cycles are
interleaved between the active switches: when one switch is conducting the current flows through the
transformer and diodes into the output and when the switch is turned off, the complementary switch
starts conducting reversing the current path. Such an interleaved sequence provides controlled energy
transfer at high frequencies [47].

In order to increase efficiency, soft-switching methods such as zero-voltage switching (ZVS) are often
used in the SAB topology. In order to reduce switching losses during turn-off transitions, capacitive
snubbers are included in the circuit design to ensure switching of the MOSFETs to zero or near zero
voltage [48]. This reduces switching stress, while also minimizing EMI. As a result, the SAB converter
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has emerged as a promising option for medium power, high frequency isolated applications in which
simplicity and low switching losses are key [49].

4.2 Modes of Operation

The operation of the SAB converter can be roughly classified into Continuous Conduction Mode
(CCM), Discontinuous Conduction Mode (DCM) and Boundary Mode (BM) with different current and
voltage waveforms. In CCM, the inductor current never reaches zero, which helps to produce smoother
current waveforms with a higher efficiency at medium-to-high loads. However, conduction losses are
increased and the transformer design needs to be carefully done [50] for CCM operation. In contrast,
DCM happens when the inductor current becomes zero before the next switching cycle starts. This mode
leads to lower conduction losses but causes oscillations and increased peak currents and is therefore not
considered for high power applications [51]. Boundary Mode (BM) is the transition between CCM and
DCM where the inductor current just reaches zero at the end of each cycle. BM can be very efficient for
light loads but its nonlinear dynamics makes control challenging [52].

Each operating mode causes significant differences in converter behaviour, especially with respect to
dynamic response and switching losses. For example, CCM is better in terms of improved voltage
regulation, and DCM and BM are more advantageous in the case of light load or for applications where
smaller transformer core size is required [53].

4.3 Advantages and Drawbacks

The SAB converter has many advantages such as low switching losses, structural simplicity and low
cost compared to topologies like the Dual Active Bridge (DAB) [54]. Due to its fewer components, it
has increased power density and a small size, and is used in renewable energy converters, electric
vehicle chargers, solid state transformers, etc. Furthermore, the inherent soft switching feature also
reduces the EMI, which improves the electromagnetic compatibility in sensitive environments [55].

Despite such advantages, SAB converters suffer under serious limitations. Since a switching regulator is
inherently a step-down regulator, the output voltage is always smaller than the input and this narrows its
application options in applications that require bidirectional or step-up [56]. Also, their transient
behavior under line and load changes usually leads to voltage overshoots and long settling times, which
may destabilize sensitive loads [57]. In DCM, however, oscillations further reduce stability and EMI
always remains a problem if switching transitions are not perfectly synchronized. The result is that while
SAB converters offer high efficiency and are small, they require sophisticated control techniques to
overcome these drawbacks when applied to high performance systems [58].

5. Control Solutions for SAB Converters
5.1 Conventional PI Controller

Traditionally, the Proportional-Integral (PI) controller has been used in order to control the SAB
converter because of its easy-to-implement design. In this scheme the outer voltage loop provides
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steady-state output voltage regulation and the inner current loop (if used) enhances the transient
performance [59]. The PI controller is constantly tuning the duty cycle based on the reference vs. actual
measurement (average voltage and current).

However, PI controllers tend to have limitations when operating under dynamic conditions such as line
disturbances, or load transients. However, the presence of nonlinearities and parameter variations in
SAB converters cause poor disturbance rejection, voltage overshoot and long settling time [60].
Furthermore, PI controllers that are well designed for one operating mode (e.g., CCM) may not perform
properly when the converter switches to another mode (e.g., DCM), causing oscillations and instability
[61]. Although standard PI control is sufficient for low-cost systems with relatively low performance
standards, more demanding applications call for more robust control alternatives [62].

5.2 Cascaded Control Scheme

In order to compensate the shortcomings of single-loop PI controller, cascaded control scheme with
inner current control loop and outer voltage control loop have been proposed. The slow outer voltage
loop provides the overall system stability and the correct voltage tracking, but the faster inner current
loop provides the fast dynamic response directly by controlling the inductor current [63]. This
hierarchical control structure will reduce the impact of disturbances before they propagate to the output,
which will reduce overshoots and improve transient response [64].

Experimental and simulation investigations have shown that cascaded control exhibits much better
performance under sudden input voltage perturbation (less peak-to-peak overshoot and less settling
time) than conventional PI controllers [65]. Moreover, cascaded control schemes can be
straightforwardly enhanced with nonlinear or adaptive controllers to achieve robustness against
parameter variations [66]. Comparisons with artificial neural network (ANN)-based controllers have
also shown the advantages of cascaded design in terms of simplicity and reliability, although ANN
controllers may give better disturbance rejection in some cases [67].

Finally, cascaded control is a trade-off between complexity and performance and is a promising strategy
for SAB converters for renewable energy, transportation, and high-power industrial systems [68].

6. Mathematical Modeling
6.1 State-Space Averaging for SAB Converter

For dynamic analysis and controller design, the Single Active Bridge (SAB) can be reduced to an
averaged power stage that is buck-derived and isolated via a high-frequency transformer. Let the
primary half-bridge apply a square voltage be:

Vs

w0 efr5.-3)

Vp(t)E{+Vs2,—Vs2} to the transformer, with turns ratio nnn (secondary referred). After passive
rectification, the secondary delivers an averaged voltage proportional to duty DDD (or equivalently to
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the phase-shift variable in phase-shift control), so the inductor sees an effective “ON” voltage in each
switching cycle which is shown as follows:

Ve Vs Vs N
vp(t) € {+ PX _;}7 VULon = P Vo sVLoff ® —Vp

Under the standard PWM averaging assumptions (switching ripple small relative to averaged variables;
linearization around a steady operating point) the inductor and output capacitor dynamics are
(secondary-referred) [69]-[73]:

di nV,
L =0 (5) v

where L is the series (leakage/effective) inductance and C is the output capacitance(an ESR 1) can be
included to set the high-frequency zero). This yields the averaged state-space form:

X = Ax + Byu + By,

With

1
-2 nvs )

1 »Bu:[“] > Bem [ZL]
T 0 0

Ol O

Linearization about the steady operating point(ﬁ, 7, L’Z,TJ;) gives the small-signal model¥ = A% +

B,d + B,7;, where (-~) denotes perturbations, and
nf, nb
Bd=[2L] , Bv:[zL]
0 0
This is the canonical averaged model for an isolated buck-derived stage and is the starting point for

obtaining the control-to-output and duty-to-inductor-current transfer functions used in cascaded control
design [69]-[73].

6.2 Transfer Functions
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Using the linearized model and including capacitor ESRrc, Cr.(to capture the right-half-plane/zero
dynamics correctly for practical design), the duty-to-output transfer function

1S

and the duty-to-inductor-current transfer functionG;;(s) = lg((ss)) is:

(nVS) 1
2/s

1+ (%+rCC)s+LC52

Gig(s) =

In many inner-current-loop designs, the capacitor/output pole pair is far below the intended current-loop
crossover, so the inner-plant can be approximated by an integrator with DC gainK; = nV;%L, i.e.,

Gia(s) =~ "? around  ~ w4[70], [71], [74].
Controller-Gain Calculations (PI/PI for Cascaded Loops)

Inner current loop. WithG;;(s) = % and a PI (Ci(s) = K, (1 + %), enforce unity gain at oci with
desired phase margin zero placed below crossover, e.g.,w,; = %, M; € [5, 10]:K,,; = % = %
This choice yields near-constant 60—70° phase margin whenM; € [5, 10])is 5-10, assuming negligible
sensing delays [75], [77].

Outer voltage loop. With a high-bandwidth inner loop (closed-loopi; = i, the outer plant from

. 1,1 .

current reference to output i8G,, ;(s) = = [ = Around a well-separated voltage crossover mcv<<wci,
. . . . 1 . .

this behaves close to an integrator of magnitude|Gy,;(jwe,)| ¥ —, with w,, € [%,%] gives the

Cwey
practical design rules:

14+ M, 2M,

Kp,v ~ C Wey T: Ki,v = Kp,v Wz, = C ey lev

These formulas provide robust starting gains; fine adjustment accounts for ESR zero location,
sampling/PWM delays, and any feed-forward of?’; (s)to improve line regulation [72], [76]-[79].

7. Simulation Model
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An averaged SAB stage with cascaded control is implemented in detail as a MATLAB/Simulink model.
The parameters of the power stage are taken according to the design: input supply V=540V, series
inductance L=150mH, output capacitor C=400uF, snubber capacitor Cs,=10nF, switching frequency
fi=10kHz. The control architecture consists of an inner current loop that controls inductor current
according to (3), and an outer voltage loop that controlsv, ,, according to (4), where the bandwidth

separationo., > 0.(i)is chosen in order to achieve nested-loop stability and efficient disturbance
rejection.

The Simulink implementation consists of PWM generation for the main half-bridge,
transformer/isolation block (modeled by the averaged gain nnn), passive diode rectifier, output LC
network. A line-variation experiment is performed with a step change to Vs (i.e., 540->580 V, 540->500
V) to measure peak-to-peak overshoot and time-to-settling relative to the cascaded controller. In
simulations, the line increase is observed to have ~150 ms settling with an overshoot of ~25 V pk-to-pk
and the line decrease with ~300 ms settling and ~27 V pk-to-pk, which roughly follows the dynamic
characteristics of the buck-based isolated stage with PI/PI cascaded control. The measured results are in
accordance with the small-signal predictions of (1)-(2) and confirm the utility of the bandwidth-
separated cascaded loops for better transient performance of SAB converters [70], [72], [78]- [80].

8. Results and Dynamic Analysis
8.1 Line Variation Test (540 V — 580 V)

The dynamic performance of the SAB converter under the line variation was analyzed on the basis of
the cascaded control scheme. A step increase of line voltage from 540 V to 580 V was put to the
converter and the resulting waveforms are shown in Figure 8. The results clearly show that the cascaded
control loop was capable of tracking the reference even when the input voltage was disturbed suddenly.
However, a transient response before reaching the new steady condition was observed in the system.

It can be seen from the output voltage waveform of Figure 8 that the overshoot had a peak-to-peak
amplitude of 25 V just after the step disturbance. The corresponding settling response is shown in Figure
9, which shows the time response of the output voltage. The stabilization of the system took about 150
ms within allowable limits of the reference value. This means that although the cascaded control strategy
was able to significantly reduce the severity of oscillations compared to the traditional single-loop PI
control, there was still an unavoidable amount of overshoot due to the non-linear nature of SAB

topology.

The measured transient behavior is in agreement with that of buck-derived single-converter systems, in
which step changes in the input generate mismatches between the energy stored in the inductor and
capacitor. The cascaded control scheme is able to effectively reduce this imbalance thanks to the fast
inner current loop which acts as a filtering mechanism from input disturbances. Therefore, the
oscillations were damped rapidly, and the converter became stably controlled after 150 ms. The results
show that satisfactory robustness is achieved under positive line variation by cascaded control.
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8.2 Line Drop Test (540 V — 500 V)

In addition to the positive step response, the converter was also tested with a negative line disturbance,
during which the input voltage is decreased from 540 V down to 500 V. The simulated response is also
plotted in Figure 8. The results showed that the transients of the SAB converter under cascaded control
were more significant during the line voltage decrement than during the line voltage increment.

TABLE 1:V, settling time and Pk-to-Pk Overshoot

Step change Line voltage (V) Vo Settling Time
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Pk (V) Time (ms)
540-580 25 150
540-500 27 300

As Figure 9 shows, the peak-to-peak overshoot in this case was 27 V, somewhat larger than the positive
step. In addition, the system needed around 300 ms to reach steady state, which represents a slower
settling process than the line increase case. This longer recovery time can be explained by extra energy
being taken away from the converter (to make up for the less input). Since the SAB works in step-down
mode, a decrease in the input voltage will reduce the headroom voltage available, thereby extending the
regulation time.

It is shown that these results highlight inherent problems of the SAB converter during negative input
variations. Note that although the cascaded control damps the oscillations and stabilizes the response,
the increased settling time is an expression of the structural dependence of the system on input voltage
conditions. However, despite these unfavorable conditions, the cascaded controller was effective in
returning the system to the desired output with robustness.

8.3 Performance Comparison

The magnitude of overshoot and the time taken to settle in the transients of this system for positive and
negative line variations are compared in Table 1. For a line step between 540 V and 580 V, the
overshoot was measured as 25 V with a settling time of 150 ms, whereas for a line step between 540 V
and 500 V, the overshoot was measured as 27 V and with a much longer settling time of 300 ms. These
results show that input decreases cause a higher dynamic stress on the converter than input increases,
mainly because of the lower energy availability of the SAB topology obtained from the buck converter.

Furthermore, the effectiveness of cascaded control scheme is compared with conventional PI control.
While PI controllers tend to yield a sustained oscillation and poor disturbance rejection, the cascaded
structure benefits from the inner current loop to reject fast disturbances before they migrate to the outer
voltage loop. This structure is designed to ensure that both overshoot and settling times are minimal,
which in turn helps to improve the stability of the system. In particular the lower settling time in the case
of line increase (150 ms) confirms the better damping properties of cascaded control, while the extended
recovery in the case of line drop corresponds to a system-level limitation rather than to a controller
deficiency.

In addition, the results confirm theoretical predictions based on small-signal analysis and state-space
averaging. The dynamic performance of SAB converters is predicted and the cascaded control
performance is close to the predicted one, where the inner loop is dominant to achieve fast current
tracking and the outer loop is able to ensure the long-term voltage regulation. The simulated results
support the fact that the cascaded control method shows effectively enhanced disturbance rejection
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capability and therefore provides a feasible solution to overcome the drawbacks resulted from applying
SAB converter to the line voltage variation.

9. Applications of SAB Converters

The Single Active Bridge (SAB) converter demonstrated a high versatility, thanks to its structural
simplicity, low switching losses and high efficiency with respect to more complex isolated topologies.
Its value has multiple applications, ranging from renewable integration to transport electrification and
smart power distribution systems. To show these applications, the figures already presented in this work
show the structural scheme of the SAB, its state-space models and the cascaded control scheme (see
Figures 1 to 7), which together show the possibility of scaling and adapting the topology to different
situations.

The following circuit shows the SAB converter operating when Tiremains on while T»is in turn off

Ling
P s
|.'+ VL ".‘ [

Vi — v R§ v

mlm

Ve =0 C

4

mode:
FIGURE 2: The circuit diagram of SAB converter when T1 is turned on

Also, SAB converter mathematical modeling while T is ON would be:
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Also, when T; gets turned OFF then the freewheeling diode Dsnogets forward biased, which is
represented in  the following circuit
di :
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FIGURE 3: Dsn~: is forward biased, T is in OFF state
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Average SAB converter state space model is depicted by (3):
e |0 - 2d -1
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L.SIMULATION MODEL OF SAB CONVERTER

The simulation model of SAB DC-DC converter is shown in Figure 4. The SAB converter is analyzed
with input supply voltage, V=540V, series inductor, Lina=150mH, output capacitor, C=400uF, snubber
capacitor, Csp=10nF and switching frequency, f;=10kHz.

—=} J =} 8 o

FIGURE 4: Simulink Model
The above topology is designed in a cascaded control scheme as shown in the following figure:
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Pl Control

Pl Control

Current Control Loop

Voltage Control Loop

FIGURE 5: Cascaded control Scheme of SAB converter
1. Control loop for the inner voltage

The corresponding inner voltage control loop is shown in Figure 6.

Lina ()

W . v, (1)

FIGURE 6: Voltage control loop

R

_Vo(s) _
Gys (5) = iing(s) ~ RCs+1 @
Consider PI controller for voltage loop,
K; (Ry Cs+1)
Gpr, () = % )]
Where K and R; are constants
Also,
_ Vo(s) _ GPll(S)Gvs(S)
Hus(S) =96 = Trorn 96wu® ©)
By solving therefore controller gain K| becomes,
1
Ky == (7)

1. Control loop for the outer current

The following figure 7 shows the control loop for the outer current:
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FIGURE 7: Current control loop

From the above circuit diagram, the transfer function,

K, (Ts+1)
Gpy, (5) = ®)
Kscan be found as follows:
_ N?0wiLing
K, =~ ©)

One of the main application areas is in renewable energy systems such as PV and wind energy
integration. In PV applications, SAB converters are used to control the step down voltage regulation
while interfaced with maximum power point tracking (MPPT) algorithms for effective use of solar
energy [81]. The resulting half-bridge structure, illustrated earlier in Figure 1, makes the SAB a good fit
for a small PV system where high efficiency and low component count are important. Also, the SAB
converter has been implemented and tested as a grid interface DC/DC converter in wind energy
conversion systems. Based on the studies conducted, SAB converter has been identified as a suitable
step-down stage for offshore wind farms with DC collection grid, while maintaining stable operation
with less cost and weight [82]. The modularity of SAB systems also makes them even more attractive
for hybrid renewable systems where multiple energy sources are combined on a single DC bus.

One important application is in the design of Solid-State Transformers (SSTs). The SAB converter has
been shown to be an essential basic component in medium-voltage SST prototypes where galvanic
isolation, compactness and efficiency are of extreme importance [83]. As shown in Figure 5 above,
which depicts the cascaded control architecture, SAB converters can be integrated into larger
transformer designs to yield regulated outputs at low voltages from medium voltage inputs. These SSTs
are being gradually integrated into the smart grids, traction transformers and electric vehicle charging
stations, where the bulky transformers are being replaced by their power-electronic-based counterparts
which are lightweight, compact and more efficient.

SAB converters have become key to balancing tradeoffs between compactness and energy efficiency
inside the field of electric vehicles (EVs) and grid systems. Within the EV applications, they are used for
on-board charger and DC bus control. By using the step-down configuration shown in Figs. 2 and 3,
SAB converters can provide the stable, regulated voltages that are critical to sensitive vehicle
electronics. Furthermore, their ability to deliver efficiencies of more than 90% [84] makes them a good
choice for reducing the energy lost during vehicle charging and discharging cycles. Within grid systems,
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SAB converters can support a DC microgrid in which distributed renewable sources, storage units, and
local loads are interconnected while stabilizing the voltage as illustrated in the system-level drawing of
Figure 7.

In the future, SAB converter has a promising potential in the field of HVDC and MVDC. With the
growing world dependence on HVDC transmission for long distance power transfer and MVDC
networks for industrial and marine systems, SAB converters are regarded as promising candidate
modules for the modular DC-DC stages in these systems [85]. Modular scalability and parallel and
series compatibility lead to fault-tolerant, redundant architectures of critical importance in high-power
environments. Besides limitations like electromagnetic interference (EMI) and step-down restriction, the
use of hybrid SAB configuration including resonant and partial-resonant designs have been pursued in
the literature in order to increase their applicable range in HVDC/MVDC system applications [86].

In summary, the SAB converter has become a mature technology from a relatively simple isolated DC-
DC stage into a versatile technology with wide applications scope. The performance of the converter and
the experimental results or simulation structures are shown in Figures 1-9 and Table 1, which reflect the
flexibility of the converter for renewable energy, transportation system, and power transmission system.
Its balance of efficiency, compactness and simplicity is still a strong driving force for its
implementation, and developments in control and topology design in the future will further confirm its
role in next-generation smart grids and HVDC networks.

10. Conclusion

In this paper, single active bridge (SAB) DC-DC converter under line fluctuations was thoroughly
discussed with the help of modeling, simulation and result interpretation. Both the inner current and
outer voltage loop of the cascaded control scheme were demonstrated to have a lower overshoot and a
better settling time than those of the conventional PI control by the results shown in Figures 8 and 9 as
well as the summary in Table 1. The analysis showed the benefits of SAB converters, such as high
efficiency, simplicity and compactness, while it also identified the challenges involving their use,
especially in the presence of negative line disturbances. Their adaptability in renewable energy systems,
solid-state transformers, electric vehicles, and HVDC/MVDC networks makes them suitable for a wide
range of applications, and with future advancements in control strategies and hybrid topologies, their
performance and reliability are set to improve.
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