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Abstract: This study undertakes a comprehensive review of control techniques applicable to DC-DC power con-
verters, categorized into Traditional Control (TC) methods and those based on Artificial Intelligence (AI). Succinct
descriptions of prevalent strategies in both classifications are furnished, shedding light on their fundamental princi-
ples. Further, the current progress in the field is evaluated, anchoring the discussion in the provided categorization.
In assessing the merits and potential drawbacks of each method, specific emphasis is laid on the target converter
topology. Predominant topologies such as the elementary buck, boost, bidirectional buck-boost, and dual-active-
bridge (DAB) are scrutinized. To furnish a thorough analysis and facilitate comparison of principal control methods,
simulations of four fundamental off-the-shelf algorithms are undertaken, employing a 1 MHz switching frequency.

Keywords: DC-DC converters; Control; Artificial intelligence

1 Introduction

Power converters play a crucial role in modern electronics, serving as interfaces between energy sources and
loads. They are essential in numerous applications, such as telecommunications, personal computers, aircraft, and
electric vehicles. Converters can be categorized based on the type of input and output energy, including AC-DC
(rectifiers), DC-DC, DC-AC (inverters), and AC-AC. Present research focuses on developing efficient devices with
high power density and low cost. Various circuit topologies enable a reduction in component count while extending
the output voltage range. Emerging semiconductor materials, such as Silicon Carbide (SiC) and Gallium Nitride
(GaN), offer higher switching frequencies than traditional silicon (Si) power switches, enabling a decrease in passive
component sizes. As converters are used in dynamic systems, precise regulation is crucial during power transients to
prevent damage to the converter components and, more importantly, the loads. Consequently, reliable and accurate
control methods are required for proper system operation and component safety. This work aims to conduct a
comprehensive review of control methods for DC-DC power converters.

A meaningful classification of control methods was derived from an analysis of a sample of papers drawn from
various journals. For each paper, the control type and circuit topology were documented. It was observed that the
control type is dependent on the circuit topology, with simpler control methods for elementary topologies and more
complex methods for topologies involving a larger number of components. Furthermore, the control technique varies
based on the number of inputs and outputs. Single input-output systems may employ a single feedback loop, while
multi-input/output topologies necessitate additional loops to regulate simultaneous power flow from multiple sources.
Figure | presents the control methods versus normalized frequency for the reviewed papers. The most commonly
identified methods were Proportional-Integral-Derivative (PID), Neural Network Control (NN), and Fuzzy Logic
Control (FL), with Model Predictive Control (MPC) and Sliding Mode Control (SMC) also being applied. Based
on these findings, a classification is proposed, dividing control methods into Traditional Control (TC) and Artificial
Intelligence (AI) control.

A flow diagram for the review is proposed in Figure 2. PID, MPC, and SMC represent the primary methods
within the TC category, while NN and FL constitute the main methods for the Al category. Less frequently employed
control techniques are classified into the “others” category for both groups. Therefore, this work contributes by
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Figure 1. Control methods vs normalized frequency
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Figure 2. Proposed classification of control methods

offering insight into the control techniques currently applied to DC-DC converters, enabling the identification of
methods, scope, and limitations of existing research. By recognizing trends in the state-of-the-art, directions for
future research can be defined.

The examination of the structure of power converters, their functioning, and control methods, along with an
analysis of current research trends, provides a significant basis for further investigation. With a focus on TC and
Al control methods, the review seeks to contribute to an understanding of how DC-DC converters function, their
current limitations, and future directions for improvement. As such, it provides a comprehensive starting point for
future researchers and professionals in the field.

2 Traditional Control Methods Methodology
2.1 PID

The prevalent control methodology employed in industrial applications is the Proportional Integral Derivative
(PID), revered for its implementation simplicity and functional adaptability even in the absence of a comprehensive
plant model [1]. This approach continues to be the gold standard against which emerging techniques are measured.

Figure 3 delineates the block diagram associated with PID control. The input of the PID block, denoted as e, is
characterized as the discrepancy between the output voltage of the converter (V,,,;) and the desired reference voltage
(Vrer). The control action v is mathematically represented in Eq. (1), wherein K, denotes the proportional gain, T;
signifies the integral time, and 7y corresponds to the derivative time [1].
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Vref < ) 1 PID
converter

Vout

Figure 3. Block diagram of PID control

de(t)
dt

t
u(t) = Kpe(t) + %/ e(t)dt + K,Tqy (1)
0
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The implementation of PID in DC-DC power conversion has been witnessed across various sectors such as
railway systems [2], electric vehicles [3—10], grid power flow control [11], microgrids [12], and communication
systems [13], to name a few. Its inherent simplicity enables effective integration with high-frequency SiC and GaN
switching topologies [2, 10].

The control schematic depicted in Figure 3 pertains to Voltage Mode Control (VMC), typically employed in single
input/single output converter configurations [2, 11]. To regulate power flow in multiple input/output topologies, PID
blocks can be employed in parallel [3, 8].

One of the challenges posed by an aggressive PID control action is the resultant high peak currents. To mitigate
this, an additional feedback loop is used to control the inductor current, which is defined as Current Control
Mode (CMC). This auxiliary loop facilitates faster converter action while avoiding excessive current peaks [9, 14].
Topologies with multiple input/outputs leverage PID blocks in cascade and parallel configurations to achieve VMC
or CMC [4-6, 10, 12].
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Figure 4. PI with CMC control [4]

Figure 4 exhibits PI-CMC control employed for a hybrid energy storage system involving a battery and an
ultra-capacitor (UC) [4]. An example of the application of four parallel control loops with proportional integral (PI)
blocks for a flyback DC-DC converter is shown in Figure 5. Isolated topologies utilize phase-shift to regulate power
transfer [10]. Due to the high sensitivity of the derivative term in PID control, it is often omitted [15].
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Figure 5. Parallel PI control loops [10]

Experimental validation of PID for DC-DC converters has been demonstrated using microcontrollers [6, 7] or
FPGAs [11, 16]. Apart from serving as the benchmark, PID control has also been integrated with other control
techniques, as will be outlined in subsequent sections.

The broader implications of this study extend to the fields of power electronics and control systems, providing
an enhanced understanding of traditional control methods’ utility and potential for further refinement. Further
elaboration on this topic will include a comparative analysis of PID with other control techniques and exploration of
the potential for hybrid solutions.

2.2 Model Predictive Control

The MPC strategy operates based on a model that forecasts a sequence of output voltages, taking into account
the present output and duty cycle. The prognosticated output values are juxtaposed with the desired reference,
facilitating the calculation of the forecasted discrepancy. To minimize the objective function within set parameters,
an optimal control action needs to be identified [17].
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MPC control is depicted in Figure 6 via a block diagram. The objective function is commonly represented as:

N-1 9
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Figure 6. Block diagram of MPC control

where, N denotes the prediction horizon, with the subscript &k + j|k implying prediction up to time j, including time
k. Matrices ) and S serve as the weighting factors. The term dy, represents the discrepancy between the converter’s
output and the model prediction at time k.

A model of the converter is indispensable for prognosticating future values. Although precise models offer
superior predictions, they come with the trade-off of increased intricacy. A comparison with the simpler PID model
(Eq. (1)) reveals the heightened complexity of MPC, leading to additional computational demands. Notwithstanding,
in terms of performance, MPC achieves steady-state more rapidly and avoids voltage overshoots compared to the
PID model [18, 19]. Moreover, the restrictions imposed on the objective function facilitate current control without
necessitating additional feedback loops [20].

An attempt to circumvent the cumbersome process of online model prediction and optimization led to the
emergence of explicit MPC. It evaluates offline all potential control actions and archives them in a table. However,
these tables can be voluminous, and trawling through them for the appropriate duty cycle can be arduous and
time-consuming. Consequently, MPC has been coupled with neural networks, enabling explicit MPC to operate at
exceedingly high switching frequencies [21, 22].

This analysis underscores the benefits and challenges of the MPC strategy. While it has proven effective, there
are still obstacles to its optimization that need to be addressed. The development of effective models remains an
open area of research. This review has highlighted the potential of MPC to revolutionize power control and opens
the way for further study and innovation.

2.3 Sliding Mode Control

The fundamental premise of SMC lies in the formulation of a control action u ensuring the states of a given
system to converge on the sliding surface s(x) = 0 in a finite time period and remain there [23]. As illustrated in
Figure 7, this controller architecture exhibits stability, even amidst disturbances, depicted by the block 1/(us+1)? in
the figure. Nonetheless, the control action’s discontinuity, expressed as sign(s), instigates a cyclic behaviour in the
output, referred to as chattering. The validation of stability in this control mode utilises Lyapunov methods [24, 25].

Vre S | e lul 1 || bcibc
w stgn(s) (us +1)2 Converter

Vout

Figure 7. Block diagram of conventional SMC control

To operationalise SMC, it is mandatory to have a model of the converter in a state-space form. Subsequently,
the sliding surface and control action, which adhere to Lyapunov stability methods, are defined. The load current z;
and its derivative o are the state variables for a bidirectional (DAB) [26]. The control action gets defined as per Eq
(3). Eqg. (4) presents the control action for a boost converter within a hybrid energy storage system [27].

i;ef + axy +yxo + Ay2 + KS + nsign(S)
u = 3 (3)
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Chattering, an effect attributable to the sign(S) ffunction, becomes evident from Eq. (3) and Eq. (4). To
circumvent this, a continuous control action is proposed for an interleaved boost converter to attain robust control
against unmodelled dynamics and disturbances [28] . SMC presents the additional benefit of controlling nonlinear
systems without necessitating complex linearization procedures, as exemplified by the control of a boost converter for
a PV panel with a single power switch, high voltage gain, and a state-space system that doesn’t require linearization
[29].

2.4 Other Approaches

Revisions to the control methodologies of bidirectional DC-DC converters have been proposed, with the aim of
optimizing energy storage systems [30-36]. An innovative method, Time Delay Control, has been presented for
use within this converter type [30]. This approach leverages delayed information to account for disturbances and
unmodeled system dynamics. The control action equation for boost mode is presented as follows:

_ ‘/bus(t) - LEL(t - T) + %us[u(t - T) - 1] - LK [‘/bus,ref - ‘/bus(t)]

u(t) Vo)

&)

where, 7" is the delayed time interval.

This method demonstrates superior performance in comparison to conventional PI control, offering reduced
transient times and lower voltage overshoots.

A distinct control approach using general-proportional-integral (GPI) for a buck converter was proposed in
another study [31]. Compared to PID, this approach’s control action integrates an element to account for the
unknown initial rate of change of the output variable v, facilitating consideration of external disturbances. The
control action is illustrated in Eq. (6) as follows:

Ugy = %v + ELRF + %F (6)

In the realm of DC-DC converter control, a multitude of diverse methodologies has been suggested. A notable
example is the reference signal tracking (RST) polynomial control used for hybrid energy storage in an electric
boat [32]. A three-phase interleaved boost converter and a bidirectional boost-buck interface, which serve to supply
energy from a fuel cell and a battery to the propulsion motor, incorporate this approach. RST is generally considered
to be more robust than PID, although no direct comparison is provided in the study. Furthermore, frequency
discrimination is utilized to guide the high transient energy demand towards the battery.

Some research reported the use of a three-level CLLC resonant converter for a microgrid, employing pulse
frequency modulation to vary the switching frequency from 31 kHz to 70 kHz [33]. To regulate the gate signals,
both current control and voltage control modes are implemented. A Multi-Step current control was employed for a
bidirectional converter in an EV charging application [34]. The strategy of stochastic generation of the duty cycle
for a boost converter in CMC was executed and compared against PID [35].

Lastly, a DC-DC buck converter designed for wearable devices utilized adaptive voltage scaling (AVS) with
inner and outer control loops [36]. This technique facilitated reduced transient times through the employment of a
coarse voltage preset block. Overall, these assorted methods illustrate the extensive research conducted to optimize
the performance of bidirectional DC-DC converters in various applications. The merits and limitations of these
methodologies require further exploration to ascertain their suitability in real-world applications.

3 Artificial Intelligence Control
3.1 Neural Networks Control

Neural networks represent a compelling approach to system modelling in industrial contexts, addressing the
complexity and multifaceted nature of these processes. The process of identifying a plant model often outweighs
its benefit due to high costs. However, Neural Networks provide a solution that can be easily applied, based on
existing data, and is applicable across different scenarios [17]. A popular variant of this solution is the two-layer
feedforward neural network (as shown in Figure 8), which employs a widely-used training method: backpropagation.
This method involves the minimization of a cost function to estimate the weight values, wf [37].

Even as more complex neural network architectures have emerged, the foundational structure illustrated in
Figure 8 remains a prevalent choice for the control of DC-DC converters. Convincing evidence has been presented
that a neural network equipped with a single hidden layer and sufficient neurons can accurately model any nonlinear
function [22]. A specific implementation of this setup, featuring a three-input neural network with six neurons in
the hidden layer and a single-neuron output, has been successfully applied in modelling a single-input/double-output
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Figure 8. Two-layer feedforward neural network

buck converter [38, 39]. The network operates by predicting future output voltage values, which are subsequently
combined with a PID to estimate the control action. When compared to a standard model, this PID-NN approach
demonstrated a reduced overshoot and shorter transient times.

Further diversification of neural networks for control purposes can be observed in their arrangement for advanced
control methods. For instance, a neural network was trained to estimate the duty cycle for a boost converter, with the
estimated duty cycle then fed into another network, trained to predict the output of the converter [40]. The output
was subsequently fed to yet another network, termed the ’critic network’. Feedback from this critic network was then
employed to adjust the weights of the initial network. Comparative analysis against PI showed that this approach
offers a faster transient response.

Challenges arise when attempting to manage the high switching frequencies produced by Wide Bandgap (WGB)
devices. These devices necessitate the computation of complex control procedures in a minimal timeframe. To
address this issue, neural networks have been implemented for a buck converter operating at a 1 MHz switching
frequency [21, 22]. The control laws for explicit MPC, simulated offline, were utilized to train a neural network
featuring four inputs and a hidden layer composed of eight neurons. Compared to PID, SMC, and CMC, this approach
demonstrated faster settling times [22].

Equally, the MPC principle was adopted in an approach employing a neural network with four inputs and one
hidden layer containing eight neurons, designed to model the nonlinear behavior of a converter [21]. The control
action is encapsulated in Eq. (7),

H = ReLU [W; g X (k) + By )

URL(IC + 1) = ReLU [W]HX(]C) + BH}

where, H is the output from the hidden layer, X (k) = [V;n(k),ir(k),vo(k),i0(k)], Wra, Ba, Wro, B represent
the weight matrices, with ReLU as the activation function. The reward function, optimized to update the network’s
weights and account for parameter deviations, is notably absent from other comparative approaches. This approach
was practically validated with an FPGA. Nonetheless, a comparison with alternative approaches has not been
provided. Figure 9 presents a block diagram of the proposed method. The inputs for the NN consist of the sampled
variables X (k), which are used to determine the duty cycle control action.

Further developments in the field have leveraged the DAB, an increasingly popular isolated DC-DC topology. In
controlling DAB, three variables can be manipulated: the duty cycles of the input and output bridges, and the phase
difference between them. When only the phase shift is manipulated, the duty cycles maintain a fixed value, and
a PI control determines the amount of phase shift. This is referred to as conventional phase-shift control (CPSC).
When the duty cycles are also manipulated, a look-up table houses the combinations of phase-shift and duty cycles
that deliver the necessary output power, termed double phase-shift (DPSC) if one duty cycle is involved, and triple
phase-shift (TPSC) if both duty cycles are engaged. A novel approach involved the use of two cascaded PID blocks
to regulate the amount of phase shift, coupled with a neural network to replace the look-up table for TPSC [41]. The
aim of utilizing neural networks in this scenario was to reduce resource requirements for hardware implementation.

In another DAB topology study, a combination of neural networks, PI, particle swarm optimization (PSO), and a
fuzzy inference system (FIS) were employed for TPSC [42]. The neural network output the power loss from various
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combinations of output power, output voltage, and duty cycles. Two hidden layers containing 256 and 32 neurons,
with ReLU activation functions, were used. The output from the neural network was then used by the PSO algorithm
to estimate the optimal duty cycles.

In conclusion, these advancements in neural network applications for control scenarios showcase the versatility
and robustness of these networks in addressing complex and intricate industrial processes. As further research
continues, the performance and efficiency of these networks will likely improve, leading to more accurate and
responsive systems across various application scenarios.

3.2 Fuzzy Logic Control

Fuzzy Logic Control (FLC) encapsulates a computational technique wherein the output acknowledges the inherent
vagueness prevalent in real-world scenarios. Diverging from binary responses, FLC operates within the continuum of
[0,1]. Figure 11 illustrates the architecture of the Type-2 Fuzzy Logic Control (T2-FLC), which envelops the Type-1
FLC (T1-FLC) as a unique case. It is observed that T1-FLC disregards uncertainties, assuming one-dimensional
input membership functions [34, 43]. Notable components of the FLC procedure include a fuzzifier, an inference
engine, a rules set, and output processing. Specifically, the output processing for T2-FLC incorporates a type reducer
and a defuzzifier. The key advantage lies in bypassing the intricate process of model derivation; knowledge of the
system manifests as a rules set correlating the input with the intended control action.

The DAB topology, popular in contemporary discussions, witnessed the implementation of T1-FLC, with
comparisons drawn to SMC [26]. It was demonstrated that current control via FLC resulted in finer power regulation
than SMC. Interestingly, the current measurement alone sufficed for the control design, eliminating the need for a
converter model. However, this model-less approach was found to be potentially unstable, necessitating Lyapunov
stability analysis for estimating defuzzification parameters. Conventionally, the error and the change in error are
employed as input signals for the FLC, a strategy evident in Figure 10.

The applicability of T1-FLC extends to two bidirectional converters in electric vehicles (EVs). One manages the
power flow for motor propulsion [44], while the other oversees a hybrid energy storage system with dual inputs [45].
Despite distinct circuit topologies and functionalities, both utilized seven triangular input membership functions each
for error and change in error. This fact underscores the adaptability of FLC to diverse systems with minimal design
modifications.

An insightful comparison was conducted between T1 and T2 Fuzzy-PI for a boost converter [46]. The control
action, as indicated in Eq. (8), entails the control output from the FLC, denoted as %1, along with the proportional
(G; and integral gains G2 of the PI control. The comparison scheme is outlined in Figure 11. Remarkably, T2-
FLC showcased faster settling times than T1-FLC. When transitioning from T1 to T2 FLC, the uncertainty in the
membership function was manually specified. Later, PSO and Invasive weed optimization (IWO) were introduced
for determining the optimal uncertainty regions for T2 FLC. The addition of these optimization methods led to an
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enhancement in settling times, relative to the fuzzy-PI without optimization [47].
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Figure 11. Fuzzy-PID with PSO and IWO [47]

In conclusion, Fuzzy Logic Control presents a promising technique for managing inherent uncertainties in
complex systems, thereby creating smoother and more efficient controls. The transition from T1 to T2 FLC indicates
a trend towards dealing with more complex situations where uncertainties are not always one-dimensional and
need to be better represented in the control architecture. The various applications of T1-FLC and T2-FLC, their
comparisons, and the role of optimization techniques further enrich our understanding of FLC as an emerging control
methodology. However, it is imperative to delve deeper into stability issues and optimal uncertainty determination
for the wider application and efficacy of these control methods.

4 Discussion

In the preceding sections, numerous control techniques have been scrutinized, with little regard for the circuit
topologies involved. However, it’s crucial to note that the effectiveness of a control approach is intrinsically tied
to the specific converter type employed. Conventional control techniques, for instance, yield divergent models and,
consequently, control responses based on the topology applied. Hence, this part of the discussion groups control
methods in accordance with their respective circuit topologies.

Five principal topology categories have been delineated: buck, boost, bidirectional, DAB, and multi-input/output.
The findings are systematically displayed in Tables 1 to 5. The basic buck configuration represents the first topology
and is depicted in subgraph a) of Figure 12. It was noted that PID was the most commonly implemented control
method, often used in a comparative capacity to validate the performance of the primary methods, as indicated in
Table 1. Notably, this topology is characterized by exceptionally high switching frequencies at low voltages, typically
validated experimentally with FPGAs.

The elementary boost topology, portrayed in subgraph b) of Figure 12, is the subject of Table 2. Contrary to
the buck configuration, this topology is marked by lower switching frequencies at low operational voltages and is
predominantly explored through simulations. Similar to the previous case, PID emerges as the most frequently
employed control method, acting either as a benchmark for comparison or in conjunction with advanced techniques.
It’s noteworthy that FL and SMC are more prevalent in this topology. A trio of boost topologies were discovered,
incorporating interleaving and switched capacitor, which serve to mitigate current ripples and voltage stress in the
components. SMC and RST are preferentially applied in these configurations (Table 2).
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Table 1. Control algorithms for buck topologies

Ref? Switch Freq. Control Vi/'Vo = Hardware®
kHz vDC
[39] - NN, PID 30/10 Simulation
[21] 1000 NN, RL 48/24 FPGA
[31] 48.8 GPI PID 24/18 FPGA
[18] 100 LPV MPC PID 12 / 5 FPGA
[36] 2000 P-AVS 3.3/07 CMOS*
[22] 1000 MPC,NN 60/30 FPGA
[21* > 400 PI 160/24  u Controller**

1. NN — Neural network, PID — Proportional Integral Derivative, RL — Reinforcement Learning, GPI — General Proportional Integral, LPV —
Linear Parameter Varying, MPC — Model Predictive Control, P-AVS — Preset Adaptive Voltage Scaling 2. Elementary buck topology, *2-phase
interleaved buck with LLC isolation 3. General Purpose application, *wearables, **railway.

Q L
TLJ. Y
l_ +
VT . iy 2 = == E %Vom
= a)
L D
YN B
+
= C R V,
Vln T u JE—J Q —_— g s

Figure 12. a) buck (Table 1) and b) boost (Table 2) topologies

Table 2. Control algorithms for boost topologies

Ref?  Switch Freq. Control Vi/Vo Hardware / Simulation®
kHz vDC
[39] - NN, PID 25/28 Simulation
[40] 20 DHP-NN, PI 60/200 — 700 Simulation
[35] 1000 PI-SDC 1/1.67 Simulation
[46] 5 T1& T2 FL-PID 15/38 Simulation
271 - AFSMC, SMC 25/50 Simulation
[14] 30 DICS-PI 38/48 Simulation *
[47] 5 TI & T2 FL-PID (IWO \PSO) 15/37.5 Simulation
[28]* 100 CfNSFT-SMC 24/48 dSPACE
[32]* 10 RST 70/105 dSPACE*
[29]** 50 SMC 24/240 FPGA*®

1. NN — Neural network, PID — Proportional Integral Derivative, DHP — Dual heuristic Programming, SDC — Stochastic Duty Cycle, FL —
Fuzzy Logic, SMC —Sliding Mode Control, AFSMC — Fractional SMC, DICS — Improved Startup Dynamics, IWO —Invasive Weed
Optimization, PSO — Particle Swarm Optimization, CINSFT — Chatter free non-singular fast terminal, RST — Reference Signal Tracking
2. Elementary boost topology, *Interleaved, ** Switched Capacitor

3. General Purpose application, *Electric Vehicles, **Photovoltaic Panel.

The elementary bidirectional topology, depicted in subgraphs a) and b) of Figure 13, corresponds to the buck-
boost mode and its symmetrical counterpart, the boost-buck, respectively. The switching frequencies are maintained
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low as in the case of the boost topology, but a rise in the operating voltages is evident. As observed in previous
instances, PID is the control method of choice, with the frequency of SMC, MPC, FL, and NN dropping when
compared to the earlier topologies. For these circuits, interleaving and multilevel configurations are also present,
predominantly featuring PID control (Table 3).

L
o Ll "
1 —l|l Q %
vV, = € 1 2 G Rs v
T = UzJ == 5, out
= a)
[
Q;nl
Q, iy &
VI = C1 2 Cz R V.
T = u1_] = g out
= b)

Figure 13. Bidirectional a) buck-boost and b) boost-buck

Table 3. Control algorithms bidirectional topologies

Ref> Switch Freq. Control  Vi/Vo  Hardware / Simulation®

kHz VDC

[39] - NN, PID 12/5 Simulation*
[34] 10 MSCC-PI  750/360 Simulation
[16] 20 PI 450/280 FPGA
[22] 1000 MPC NN 60/24 FPGA*

[7] 10 PI 300/120 Simulation
[33] 70 PFM 750/200 Simulation
[30]* 30 TDC, PI 18/30 NI-LabView
[44]* 200 FL 378/500 Simulation
[32]* 10 RST 60/105 dSPACE
[91* 50 PI-DB 40/200 pController

1. NN — Neural network, PID — Proportional Integral Derivative, MSCC — Multiple Step Constant Current, MPC — Model Predictive Control,
MSCC -, PFM - Pulse Frequency Modulation, TDC — Time Delay Control, FL — Fuzzy Logic, RST — Reference Signal Tracking, DB — Dead
Beat
2. Buck-boost, *boost-buck.

3. Electric Vehicles applications, *General Purpose application.

* Q1 Q3 QS 73 ¥
B B B &
L
V, Ci—= C, = Vout
Q, Q, Qg Qs
i i e i

Figure 14. Dual-Active-Bridge (DAB) topology
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Table 4. Control Algorithms for DAB topologies

Ref Switch Freq. Control Vi/Vo Hardware / Simulation®
kHz vDC

[26] 100 FL, SMC 270/28 Simulation*

[11] 2 PI 1100/ FPGA**

[41] 50 LR-KNN-RF-NN, TPSC-PI 400/ Simulation

[42] 20 NN-PSO-FI, TPSC 200/160 dSpace

[19] 100 MPC, PI 270/28 Simulation +

1. NN — Neural network, PI — Proportional Integral, MPC — Model Predictive Control, FL — Fuzzy Logic, LN — Linear Regression, KNN —
k-neareast neighbor, RF — Random Forest, TPSC — triple phase shift control, PSO —Particle swarm optimization.

3. General purpose, *battery charging, **grid, +aircraft

A dedicated category was established for the DAB topology, showcased in Figure 14 and summarized in Table 4.
The control of power flow is accomplished through manipulating the phase-shift between the input and output
bridges. As alluded to earlier, the duty cycles can be kept constant for standard PS or adjusted for double or triple PS
to enhance the efficiency of converter operation. In a similar vein, PID remains the method of choice for comparative
analysis. However, a trend towards more predominant use of Al control methods as the principal control technique is
discernible. This topology is also characterized by elevated operating voltages at medium-low switching frequencies
(Table 4).

Table 5. Control for multiple input/output topologies

Ref Switch Freq. Control Vi/Vo Hardware / Simulation®
[3] 20 PI 36/125 Simulation
[4] 10 PI 16/28 dSpace
[5] 20 PI 12/72 Simulation
[6] 10 PI 12/58 dSpace
[8] 50 PI 48/12,5 Simulation

[10] 350 PI 50 — 500/750 Simulation

[38] 200 PI NN 36/5 Simulation*

[45] - PI FL 100/40 Simulation

[12] 20 PI 12/50 dSpace**

[20] 250 MPC 12/4 dSpace

1. NN — Neural network, PID — Proportional Integral Derivative, MPC — Model Predictive Control, FL — Fuzzy Logic,

3. Electric Vehicle applications, *general purpose **microgrids

The final category encompasses the multi-input/output converters, whose findings are compiled in Table 5. This
section incorporates a diverse range of configurations, such as interleaving, multi-level with double or triple ports.
Operating voltages are predominantly low, coupled with medium-low switching frequencies. Interestingly, PI is
the dominant control method in this context. There appears to be an inclination to apply complex or advanced
control methods to the more fundamental circuit topologies, like buck and boost. However, as the complexity of the
topologies escalates, a simple PI control block can be orchestrated in parallel and cascade setups, demonstrating its
flexibility (Table 5).

The assessment of advantages and disadvantages associated with each control methodology was carried out via
simulations, based on the buck and boost topologies as depicted in Figure 12. Components’ values were aligned
with those reported in the study [22], with a switching frequency set at 1 MHz. This high switching frequency
aimed to increase the power density of the converter through the reduction of the passive components’ size, although
it presented additional control method challenges due to the diminished time available for the calculation of the
required control action.

Utilized for implementation on the elementary buck and boost topologies were the basic algorithms from the
study [48], which comprised PID, MPC, NN, and FL. For PID, the small-signal transfer functions were utilized for
tuning as per [49], with outcomes depicted in Figures 15 and 16, for the buck and boost converters, respectively. A
step change in reference voltage around the operational point D=0.5 was applied to both converters.

Notable in the results was the role of PID in decreasing the settling time of the buck converter, albeit with a
slight increase in peak overshoot (Figure 15). In the case of the boost converter, PID eliminated the undershoot
completely, though it led to an extended settling time (Figure 16). The right half plane zero in the boost converter’s
transfer function added complexity to its control [35, 49]. PID control acted as a benchmark for comparison with
the subsequent algorithms.
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Elementary PID configuration from Figure 3 was used without the need for additional complex configurations.
This strategy was to provide an overview of the fundamental design process. Then, the other control methods
were also implemented in the elementary configurations for a fair comparison. The averaged state-space model,
extensively used for converter control design [18, 22, 27, 46, 47, 49], was employed for the design of the following
controls.

Figure 17. Open-loop buck converter (solid blue) vs. PI (solid red) and MPC (solid orange)

The second methodology was the MPC. Figures 17 and 18 respectively display the step response for the buck
and boost scenarios. In the buck case, the output voltage reached the reference voltage more swiftly than with PID
control, without overshooting (Figure 17). Conversely, in the boost scenario, the output voltage merely remained in
proximity to the desired output voltage (Figure 18).

Following this, a Neural Network (NN) was implemented, which had two inputs, a single hidden layer with
thirteen neurons, and one output. Training was conducted with data obtained from the MPC model. Figure 19
illustrates the output response for the buck case, and Figure 20 for the boost case. The NN attained the reference
value but with an increased overshoot and settling time. The boost case indicated a faster response than PID, although
it never fully converged to the reference value, as was expected from the MPC training data. The NN method’s
advantage lies in its capacity to learn from input data without necessitating a system model. However, tuning it is
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Figure 18. Open-loop boost converter (solid blue) vs. PI (solid red) and MPC (solid orange)

more complex than tuning PID since the impact of changes in the internal NN weights on the output signal is difficult
to assess. Moreover, the quality of the training data directly influences the NN’s output.

aaaaa aoue o ootz o0 ooiwe )

Figure 20. Open-loop boost converter (solid blue) vs. PI (solid red) and NN (solid purple)

Finally, a Fuzzy Logic (FL) controller was implemented, comprising a single input and output with three inference
rules. The output for the buck and boost cases is presented in Figures 21 and 22, respectively. For the buck case, a
larger ripple and settling time were observed, compared to PID, and the output failed to converge, remaining close
to the desired value. The boost case output was faster than PID, but it also failed to reach the setpoint, remaining
only in proximity to it. The advantage of this method is that it can be designed without the necessity for complex
derivations of a plant model. However, running times increased compared to the other models, which could pose an
issue for real-time implementation.

Tables 6 and 7 summarize the performance of all implemented methods by measuring the rise time 7., peak
time 7},, maximum overshoot M,,, settling time Ty, the final output voltage Vj,,, and the difference between the
final output voltage and the reference voltage e. A value of 2% of the reference voltage was selected for the settling
time [1]. Even though MPC, NN, and FL failed to fully converge, they all managed to reach within 2% of the
reference value. The shortest rise time was achieved by the MPC in the buck case without overshoot. For the boost
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Figure 22. Open-loop boost converter (solid blue) vs. PI (solid red) and FL (solid green)

Table 6. Performance comparison for Buck control

Control T, T, M, T, Vout €
®' (3 (V) (32 (V)
PID 6.73 1.06 5.8 1.62 18 0
MPC NA NA NA 0.972 18 0
NN 868 134 92 284 1796 0.04

FL 589 0795 938 3.68 1775 025
1. E-6,2. E-5

Table 7. Performance comparison for Boost control

Control T, T, M, T, V out €

() (8 (V) (52 (V)
PID 374 374 0 374 9599 001

MPC NA NA 0 545 9487 1.13
NN NA NA 0 595 9417 1.83
FL NA NA 0 522 95.05 095

1. E-4,2. E-5

case, the shortest rise time was obtained with FL, although the smallest € was observed with PID.

5 Conclusions

The extensive exploration conducted herein provides an exhaustive review of control methodologies employed
in DC-DC power converters. The proposed taxonomy categorizes the control algorithms into two distinct groups:
Traditional Control Methods, encompassing PID, MPC, SMC, and others, and Artificial Intelligence-based Methods,
including Neural Networks (NN), Fuzzy Logic (FL), among others.

Additionally, these control methods have been further dissected based on their applicability to various circuit
topologies, prominently buck, boost, bidirectional buck-boost, Dual Active Bridge (DAB), and multi-input/output.
Crucial simulations were carried out for elementary buck and boost topologies using four fundamental, commercially
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available control algorithms to facilitate the comparative analysis of each control methodology.

The PID control method remains the most prevalent due to its relatively uncomplicated implementation process.
A thorough design and stability analysis using frequency or root locus methods is feasible once the converter is
linearized around a chosen operating point. However, deviations from this operating point may lead to potential
degradation of the control algorithm’s performance.

In terms of settling times and zero voltage overshoot, the Model Predictive Control (MPC) exhibited superior
performance compared to PID. The effectiveness of the Neural Network, on the other hand, was found to be heavily
reliant on the training data input. Unlike other methods requiring a single input, the NN necessitated two inputs to
initiate a proper control action.

Fuzzy Logic proved its competency by controlling both topologies with a single input/output and a simple three-
rule inference configuration. Nevertheless, the processing speed of FL was noticeably slower, posing a challenge for
real-time implementation at high switching frequencies.

A distinctive advantage of Al control methodologies over traditional methods lies in their ability to function
without the necessity of a precise linear model of the system. However, this comes with the caveat of needing vast
quantities of data for NN training. Moreover, the process of determining which variables to use for training remains
empirical, and thus, there is room for improvement in this regard.

To enhance the effectiveness and efficiency of these control methods, future studies could focus on optimizing
the selection process for training variables and enhancing the processing speed for methods such as Fuzzy Logic,
thereby making them more suitable for real-time applications.
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