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Abstract—This paper presents a data-driven control frame-
work to improve the stability and optimize the performance of
DC-DC boost converters supplying constant power loads (CPLs).
The inherent negative impedance and non-linear characteristics
of CPLs pose significant stability challenges in power electronic
systems. To address these issues, this study evaluates the perfor-
mance of data-driven integrator (I) and linear quadratic integral
(LQI) controllers, both optimized using iterative feedback tuning
(IFT), that eliminates the need for an explicit system model.
The proposed controllers are systematically compared against
conventional model-based designs to assess their effectiveness.
Key dynamic challenges, including converter non-linearity, CPL-
induced instability, and measurement noise, are considered in the
analysis. Simulation results demonstrate that the data-driven LQI
and I controllers achieve superior tracking accuracy, robustness,
and stability. These findings underscore the advantages of data-
driven control methodologies in ensuring reliable and efficient
operation in practical power electronic applications.

Index Terms—Boost converter, constant power load, data-
driven control, iterative feedback tuning, linear quadratic integral
controller, microgrid.

I. INTRODUCTION

The rapid expansion of microgrids (MGs) incorporating
renewable energy sources (RESs), energy storage systems
(ESSs), and power electronic converters necessitates advanced
control strategies to ensure efficient, reliable, and stable op-
eration. Recent research has emphasized the adoption of DC
microgrids owing to their demonstrated efficacy in mitigating
AC/DC conversion losses [1]. MGs are inherently complex,
characterized by dynamic interactions among distributed com-
ponents, nonlinearities, and frequent load fluctuations. In DC
MGs, boost converters play a crucial role as power electronic
interfaces, facilitating voltage regulation for applications such
as photovoltaic (PV) systems, energy storage systems (ESSs),
and electric vehicles (EVs). When supplying CPLs, these
converters exhibit increased instability due to the negative
impedance characteristics of CPLs, which intensify system
nonlinearity and degrade control performance [2].

DC MG control techniques have been developed for multi-
ple purposes, such as eliminating the need for demand-side
grid synchronization, enabling compensation for disparities
between power production and consumption through the in-
tegration of energy storage systems, preventing the load from
being affected by harmonics and voltage sags or swells, and

ensuring that voltage quality remains unaffected by current
surges [3].

MGs require accurate modeling for control design and
multi-timescale analysis. While simple models may suffice
for linear control, precise modeling becomes essential when
implementing advanced control strategies [4]. As distributed
power supplies are increasingly utilized in isolated power
systems, CPLs have grown to constitute a larger share of
these systems. With the rapid proliferation of power electronics
devices, the presence of CPLs is increasing significantly, pro-
foundly impacting the stability of small-scale power systems
due to their negative impedance characteristics [5]-[8].

DC-DC converters, particularly those with voltage boost ca-
pabilities, play a critical role as power electronic interfaces in
DC MGs, elevating input voltage to higher levels through high-
frequency switching. Among the common loads connected
to these converters, power electronic converter loads, when
tightly regulated, exhibit CPLs behavior [9]. Various control
strategies have been explored for voltage and current regulation
of boost converter with CPLs, as well as stabilization, in
DC-DC converters, including proportional-integral (PI), fuzzy
logic (FL), sliding mode control (SMC), state-dependent Ric-
cati equation (SDRE), model predictive control (MPC) control,
and etc., [10]-[14]. Implementing MPC for a boost converter
with a CPL [14], [15] is challenging due to nonlinear dynam-
ics, instability from negative impedance, high computational
cost, modeling complexity, parameter sensitivity, and tuning
difficulties, making simpler or data-driven controls preferable.
The destabilizing effect of CPLs challenges classical model-
based control approaches, which often struggle to achieve
satisfactory stabilization performance [16]. Consequently, de-
veloping a robust nonlinear and linear control strategy to
ensure the stability of load-side power equipment operation
becomes a crucial endeavor. High-tech processors, advanced
measurement devices for predicting voltage and current, and
precise system modeling are significant challenges that data-
driven control methods are well-equipped to overcome.

This paper proposes data-driven integrator (DDI) and data-
driven linear quadratic integral (DDLQI) control methods
to address the aforementioned challenges and enhance the
efficiency of boost converters operating with CPLs. The em-
ployed data-driven technique, known as iterative feedback

Authorized licensed use limited to: TU Delft Library. Downloaded on September 19,2025 at 09:09:32 UTC from IEEE Xplore. Restrictions apply.



AVAS

v, ws cL v, 3R P[]

Fig. 1. Circuit topology of a dc-dc boost converter with a CPL.

tuning (IFT) [17], iteratively refines controller gains based
on system voltage and current measurements collected during
closed-loop operation [18], [19]. The IFT algorithm iteratively
tunes I and LQI gains for precise voltage tracking under CPL
condition, using only voltage and current data—no model
needed, only a reference signal generation strategy is required.
The effectiveness of the proposed data-driven control approach
demonstrates significant effectiveness in power electronic sys-
tems [20], [21].

The key contribution of this work is a data-driven control
framework that dynamically optimizes controller parameters
in real time using direct voltage measurements, bypassing
the need for an explicit system model. Simulation results
demonstrate that this approach improves stability, convergence
speed, and reference tracking accuracy over conventional
model-based methods. The data-driven technique enhances
settling time, robustness under load and parameter varia-
tions, and adaptability to uncertain dynamics outperforming
traditional controllers in scenarios where precise modeling
is difficult. These results highlight the effectiveness of the
proposed method for complex or poorly characterized power
electronic systems, where traditional model-based approaches
may struggle.

The remainder of the paper is organized as follows. Section
IT presents the modeling and analysis of the boost converter
with a CPL. Section III details the conventional control strat-
egy, which form the basis for the proposed DDI and DDLQI
methods introduced in Section IV. The simulation results under
different scenarios are given in Section V. Finally, concluding
remarks are provided in Section VI

II. MODELING AND ANALYSIS

The schematic diagram of a DC-DC boost converter with a
CPL is shown in Fig. 1. To derive the equations of the boost
converter with a CPL in the continuous-time domain for the
switching dynamics, first consider the case when switch § is
closed (ON state). The circuit dynamics are described by:

i = o _ Yo _ Pcrr

¢ dt R Vo
» (1)
i

VL :Ld_tL =Vin

where L, C, and R are the inductance, capacitance, and resistor,
respectively. v;,, v,, and vy are input, output, and inductor
voltage of converter. ic, ir, and Pcpy are the capacitance

current, instantaneous inductor current, and power value of CPL.
When the switch S is opened (OFF state), the circuit dynamics
are described by:

; :Cdv” _; Yo _PcrL

¢ dt ™R Vo
; @)
L

VLszzvin_Vo

The averaged dynamic model of the boost converter with
applying state-space averaging method yields the nonlinear
averaged model, which can be expressed in the following form:

dig,

LW =Vin — (1 —,Ll)VO

dv v PCPL (3)
C—=01-un)i - 2 -—=~&

dt (1= piv R Vo

where p is the duty cycle. The nonlinear averaged model
requires small-signal linearization for control design, achieved
by perturbing around the operating point [4]. The derivation
begins by replacing all variables with the superposition of their
steady-state values and small-signal perturbations:

u=D+ga, |gl<D
Vo =Vot+Vo, Vol <V, €]
ip=1Ip+i, lifl <1y

where D, V,, and I are the steady-state of duty cycle, output
voltage, and inductor current. Assuming constant input voltage
vin = Vin, the steady-state operating point and quiescent values
are given by the steady-state analysis:

I = Pcpr Vo _ Vi Pcpr
(1-wVe (A-wR (A-p?R V;
®)
v, =V
o — 1—#

The small-signal model of the CPL term is obtained via first-
order Taylor series expansion:

PcpL

_PcrL  PcpL
Vo Vo V02

Vo (6)

Therefore, the small-signal state-space model of the boost
converter with CPL is obtained as:

R 0 1-D R V,

a [in |2 |7
— 1- 7
dt . 1-D _L+PCPL 5, + I_L ( w) (7

c RC  cV}? C

This linearized model enables rigorous stability analysis and
control design while preserving the essential nonlinear effects
of the original system.
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III. CoNnvENTIONAL CONTROL STRATEGY

This section explores a conventional control strategy for boost
converters with CPLs, focusing on the LQI controller. The
LQI control scheme is designed to effectively regulate system
dynamics while maintaining stability and performance across
varying operating conditions.

A. Linear Quadratic Integral Controller

The LQI controller enhances LQR by adding integral action
to eliminate steady-state error while optimizing performance.
For boost converters with CPLs, it minimizes a cost function to
balance transient response and control effort, ensuring robust-
ness under dynamic conditions. Compared to classic controllers
like PI, LQI achieves faster settling, reduced overshoot, and
superior transient performance in high-power applications like
renewable energy systems (RESs) and EVs, where precise
voltage regulation is critical [22].

To design a continuous-time LQI controller, an integral state
variable is introduced to eliminate steady-state error, defined as:

xi(t) = / e di, 5:(1) = e(t). ®)

The augmented state vector combines the original state x(¢)
and integral state x;(f):

~

29
fae(®) = [ =00 ©)
Xi
The augmented state-space representation is:
¢ A 0 B 0
[;((tr))] =[—c 0 [;‘((’t)) +[0]u(t)+ Lo, o)

where C = [0 1]7 selects the output voltage from the
system’s state-space representation. This formulation extends
the converter dynamics with integral action for precise voltage
regulation. The LQI controller optimizes a cost function that
balances the augmented state and control input:

J= A (xarug(t)Qxaug(t)+uT(t)Ru(t))dt, (11)

where u(t) is the control input, @ € S7” and R € S§™
are weighting matrices to minimize the cost function, with
0 = diag([q1,..-,9n-qi1>--->qip]) and R = r. For the
boost converter with a CPL, the weighting matrices are tuned
to balance the inductor current, output voltage, and integral
error, where the Qy oy = diag([1, 1, 10%]) is tuned to prioritize
zero steady-state error against CPL disturbances by heavily
penalizing the integral error term, while Rzo; = 10* constrains
the control effort to ensure practical implementation. The
optimal control law for the LQI controller is given by:

x(1)
xi (1)
where the gain matrix Krg; = [KyK;], with K, =

[0.0290,0.0045] and K; = -1, is computed by solving the
optimal control law equation using Q;o; and Rpg;. The

u(r) = _Kxaug(t) == [Kx Ki] > (12)

CPL

Fig. 2. A dc-dc boost converter with a CPL equipped with the proposed data-
driven method.

resulting closed-loop system provides improved transients and
balance between tracking performance and stability for the boost
converter’s nonlinear dynamics.

IV. DATA-DRIVEN CONTROL STRATEGY

This section examines two data-driven control methods for
boost converters with CPLs: the DDI and DDLQI controllers.
These approaches utilize real-time system data to dynamically
adjust control parameters, delivering enhanced stability, and
optimized performance across varying operating conditions. As
shown in Fig. 2, the proposed methodology involves conducting
a series of experiments to implement the data-driven control
design. The approach begins by generating a sequence of values
for the state X which is measured output and load voltage at
each sampling instant, the state o-, which serves as a control
signal in each iteration. After gathering the experimental data,
it is organized into the following matrices:

X =[xox1 ... o=[ogoy ... (13)

xp]7 O—p]9

where p denotes the index of each experiment, p is an integer
such that 1 < p < n. With X, and o, representing the state and
input, respectively, for the p-th sampling. In this paper, the IFT
method is used as a data-driven offline approach to optimally
tune the controller parameters based on the output and load
voltage, for controlling the voltage loop of the converter.

A. Data-driven Integrator Controller

The DDI controller enhances basic I controller by dynam-
ically adjusting the integral gain of conventional I controller
(K;I) using system data. Instead of fixed gains, it employs IFT
to optimize K;/ in real time. The IFT minimizes a cost function
to ensuring stability and performance under varying conditions.
The controller continuously tunes K; I via voltage error feedback
to ensure parametric robustness. The IFT process begins by
defining the cost function to evaluate tracking error. The error
between the achieved output y(z, p) and the desired reference
r(t) is given by:

j}([7p)=y(t’p)_r(t)7 (14)

where p represents the controller parameter K;, and the control
objective is formulated as the minimization of the objective
function:

N
J(p) = % D ELEp), (15)
t=1
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Fig. 3. Flowchart of the IFT-based DDI and DDLQI controller gain tuning
process.

where N is the number of data points, and E[-] denotes the
expectation operator for stochastic disturbances in the system.
To minimize J(p), a quasi-Newton method is employed, using
gradient-based minimization. The parameter update rule is:

aJ
1_ .
ap (pi),

where v; is the step size, R; is an approximate positive definite
matrix, and g—; (p:) is the gradient of the cost function at iteration
i. The gradient is computed as:

Di+1 = Pi — ViR (16)

N
L=y 2 enPen|. an

1=1

where % (¢, p) represents the sensitivity of the error is obtained
by three-step experimental methodology: (1) perform a normal
experiment with controller C(p) and reference r, collecting
N measurements of the output y(p), denoted as y!)(p); (2)
perform a gradient experiment with reference r — y(")(p),
injecting this signal into the control variable output by C(p), and
collecting the output as y®)(p); (3) approximate the gradient
as:

a9 oc
(0 =Py (p). (1)
p p

The matrix R;, which influences the convergence speed, is
approximated using the Gauss-Newton direction:

=y 250 ]

where a small § suggests R; ~ W, which W is a positive
definite matrix and helps ensure convergence by providing a

19)

well-conditioned update direction. The IFT logic for tuning the
integrator controller gain, illustrated in Fig. 3, begins by defining
the cost function and initializing the iteration counter i = 1. The
parameter update for K; is:

21

(i+1)
K' 9
! 0K;

= K" - viR} (20)

where K; 0 = 0.65 initially, and 7y; is chosen as y; = 0155
The algonthm iteratively updates K; by minimizing J(p),
and the optimization process is demonstrated across iterations
using simplified gradient and Hessian values (experimentally
computed in practice) for illustration.

The cost function decreased from J(p'V) =5.2to J(p*) =
4.5 in 4 iterations, indicating improved accuracy and system
steadiness. The algorithm converges when |J (i) = J(i — 1)| < e,
which € = 0.55. The proposed method successfully fine-tunes
the integral gain K;, achieving an optimized value of K;DDI =
0.8117 from an initial setting of K;I. This technique ensures
reliable operation in challenging environments with nonlinear
dynamics, enhancing the overall efficiency of power conversion
systems.

B. Data-driven Linear Quadratic Integral Controller

The DDLQI controller enhances LQI control by iteratively
tuning the weighting matrices Q.o and Ry g;. The parameters
are combined into p = [q1,q2.93,7]7, which is iteratively
optimized to balance voltage regulation and control effort. Using
real-time output voltage and error data, the controller adjusts
Qror = diag([1,1,10%]) and Rpo; = 10*. The IFT-based
optimization as in Section IV-A minimizes a cost function
evaluating both tracking error and control input. The control
objective minimizes a cost function that balances tracking error
and control effort:

N

N
J(p)-—E D (Ly90(p)* + 2D (Ludy(p))?

=1 t=1

2D

where L, is the output filter, designed for reference tracking and
tracking error frequencies, while L, is the input filter, which
constrains the control signal bandwidth. Both L, and L, act
as weighting matrices, optimizing the trade-off between perfor-
mance and robustness through frequency-selective weighting.
The d;(p) represents the control effort influenced by Q and
R, and A adjusts the trade-off between error minimization
and control effort. The IFT process employs a quasi-Newton
optimization method, using the parameter update rule. The
gradient of the cost function is:

aJ K ad,
%w:ﬁ; yyt<p)—(p>+u2d,<p>—p<p> ,
(22)

where sensitivities 0 A7 (p) and d‘ (p) are estimated experi-
mentally and convergence matrlx R; ensures stability as in
Section IV-A. Fig. 3 shows the IFT-based DDLQI optimization
and tuning the controller gain. The step size optimization is
Vi = 0;—.1, and the parameter update rule is given by:
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P = p@ 4 yR; lpp

where R; = diag([r; 1,7i2,7:i3,7i4]) is a diagonal precondi-
tioning matrix, and g—{) is the gradient.

From iterations 1 to 6 with starting from the initial parameter
vector p(" = [1, 1, 10*, 10*]7, the iterative optimization
reduced the gradient norm from 1921 to 58. Correspondingly
after six iterations, further updates yield minimal improvement,
so the cost function decreased from J(p1) = 5.2 t0 J(p(®) =
4.05. The algorithm was considered converged when the change
in cost between iterations satisfied |J(i) — J(i — 1)| < € with a
predefined threshold € = 0.1. The optimized DDLQI parameters
are Oppror ~ diag([1.1927, 1.1582, 10*]), Rppror ~ 10%,
and Kppror = [0.0358, 0.00590, —1]. The DDLQI controller
adaptively tunes Qro; and Rz to ensuring robust voltage
regulation in CPLs applications. The IFT-based optimization
adaptively tunes both I and LQI gains, enhancing stability and
transient response across varying operating conditions while
maintaining consistent output regulation.

(23)

Q

V. SimuLATION RESULTS

Simulations evaluate and compare the I, DDI, LQI, and
DDLQI controllers for a boost converter with a CPL, under
varying input voltages (V;, = 13,14,15 V), and load change
(R = 20,30,40 Q). These test verify the controller’s ability
to maintain stable operation during input and load variations,
ensure fast and smooth transients, and steady-state stability
across conditions. The parameters of the converter and controller
are provided in Table I.

TABLE I
CONVERTER AND CONTROL PARAMETERS
Parameter Symbol Value
Converter Parameters
Input Voltage Vin 12V
Reference Voltage Vief 24V
Constant Power Load PcpL 10W
Inductance L 1 mH
Capacitance C 100 pF
Resistance R 50Q
Switching Frequency Sfow 100kHz
Control Parameters
I Controller Gain Kil 0.65
DDI Controller Gain K;DDI 0.8117
LQI Tracking Error Oror [1,1,10%]
LQI Control Effort Rror 10*
DDLQI Tracking Error  Oppror  [1.1927,1.1582, 10]
DDLQI Control Effort ~ Rppror 10*

A. Normal Case

For Vi, = 12V and R = 50Q, the comparative analysis
reveals that the DDI controller demonstrates faster settling
time (t; = 0.14s vs 0.19s) and reduced overshoot compared
to the conventional I controller in Fig. 4, while maintaining
better steady-state accuracy. Similarly, Fig. 5 shows the DDLQI
controller achieves better reference tracking and improved

24 mmmmmmm e — oo

~ 20 gl
&
g 15
8
< 10
>

5 = =Reference Voltage|

—1 Controller
0 | | | | | |—DDI Controller
0 0.05 0.1 0.15 0.2 0.25 03 0.35 0.4 0.45 0.5
Time (s)
Fig. 4. Output voltage tracking response of I and DDI controllers.
24 mmmmmmmmmmm o

20 1
Z
o 15 1
E
5 10 1
>
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—LQI Controller
0 | | | | | —DDLQI Controller,
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Time (s)

Fig. 5. Output voltage tracking response of LQI and DDLQI controllers.

disturbance rejection compared to standard LQI, particularly
during the transient phase (0.1s-0.2s).

B. Input Voltage Change

Varying Vi, simulates conditions such as battery discharge or
fluctuations in RESs, where the input voltage is not constant. The
system response to input voltage steps, Fig. 6 (a) demonstrates
the varying input voltage of system. When the input changes
from 14V to 15V to 13V in 0.5s increments, Fig. 6 (b) shows
that DDI and DDLQI controllers maintain better reference
tracking accuracy than I and LQI controllers. At the 15V
transition, all controllers experience brief oscillations, but
DDI and DDLQI dampen these oscillations more rapidly. The
most significant performance difference appears during the
13V transition, where conventional controllers exhibit more
pronounced oscillations and longer settling times. The I and
LQI controllers demonstrates the lowest overshoot, while the
DDI and DDLQI controllers exhibit larger overshoot, they
achieve significantly faster reducing settling time more than
conventional controllers.

C. Load Change

Adjusting load variations with changing sequentially from
30Q to 40Q and then to 20Q every 0.5s tests the transient
response of the controllers. As shown in Fig. 7, the DDLQI
controller consistently maintains the tightest voltage regula-
tion, outperforming the LQI and I controllers in minimizing
voltage deviations during load changes. The DDI controller
demonstrates a faster settling time compared to the I controller,
while both DDI and DDLQI effectively suppress the oscillations
observed in the I and LQI controller responses following each
load transition. Similar to the input voltage variation case,
both the T and LQI controllers demonstrate superior overshoot
reduction compared to the data-driven counterparts.
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VI. CoNCLUSION

This work proposes data-driven IFT-based controllers DDI
and DDLQI for boost converters with CPLs, overcoming
limitations of model-based approaches I and LQI that require
accurate system models vulnerable to parameter drift, unmod-
eled dynamics, and CPL negative impedance. By adaptively
optimizing control gains through real-time voltage measure-
ments, our method achieves enhanced disturbance rejection
and robustness without system identification, demonstrating
faster settling times and reliable voltage regulation during
abrupt load and input changes, which is crucial for microgrids
and power electronics with variable loads. While not always
superior in overshoot reduction, the approach proves particularly
valuable in scenarios with modeling challenges or frequent
parameter variations, establishing a foundation for adaptive
power electronics control with future potential in multi-objective
optimization, energy efficiency integration, and scalable energy
systems.
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