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Abstract-The fundamental role of power converters is to
efficiently manage and control the flow of electrical energy,
ensuring compatibility between power sources and loads.
All these applications of power converters need the design
of an appropriate control law. Control of power converters
is a challenging problem due to the presence of switching de-
vices which are difficult to handle using traditional control
approaches. The objective of this paper is to investigate the
use of data-driven techniques, in particular the Virtual Ref-
erences Feedback Tuning (VRFT) method, in the context of
power converters feedback control. This study considers a
buck mode power converter circuit provided by the Own-
Tech foundation.

1. INTRODUCTION

In recent years, the field of power electronics has witnessed
significant advancements, not only in the design of power con-
verters but also in the development of their control strategies.
Traditional control of power converters typically rely on the
derivation of an accurate mathematical model of the system,
followed by linearization, after which a controller is designed
based on the resulting simplified dynamics [4]. However, ob-
taining precise models for power converters and applying this
control pipeline may become challenging for complex converter
architecture. In addition, due to their inherent nonlinearities,
fast switching behavior, parameters’ uncertainties, and operat-
ing condition variability, the control performances and the sta-
bility cannot be guaranteed by following this traditional method.
Indeed, the linearization process limits the validity of the con-
troller to a narrow operating range, reducing overall system per-
formance in practical applications.

To sum up, the main challenge when designing a control law
for a power converter boils down to the obtention of a control-
oriented model, simple yet accurate enough to use model-
based control techniques. Data-driven control techniques have
emerged as a promising alternative: they allow to bypass this
complex modelling phase and to use data directly to tune a con-
troller. These techniques gained attention in the power elec-
tronics community lately, see [11, 8] for instance. An overview
of data-driven control techniques can be found in [10] and [9].
Among them, Virtual Reference Feedback Tuning (VRFT) [3]
enables controller design directly from input-output data, elim-
inating the need for detailed modeling. By relying exclusively
on experimental or simulated data, VRFT facilitates rapid con-
troller synthesis, making it particularly suitable for power con-
verter applications. The closest work from this paper are [11]
and [8]. In [11], a variant of VRFT based on a flexible refer-

ence model to be achieved by the controlled system is used. In
comparison, the present paper focuses on a VRFT variant that
includes an anti-windup compensation [12]. Such anti-windup
compensation is also considered in [8] on a current mode buck
converter. This study focuses on the development and imple-
mentation of a data-driven controller using the VRFT method-
ology for a buck-mode power converter, which Simulink model
is provided by the OwnTech Foundation [6]. This paper is or-
ganized as follows: Section 2 introduces the considered power
converter and the associated averaged state-space model. Sec-
tion 3 details the data-driven tuning of a PID controller for
the considered converter through VRFT, with or without anti-
windup. Additionally, section 3 provides simulation results of
the resulting closed-loops. Finally, conclusions and outlooks are
given in Section 4.

2. CONSIDERED DC-DC CONVERTER

A voltage mode buck converter from the OwnTech Founda-
tion [6], see Figure 1, is considered in this work. The corre-
sponding circuit is given in Figure 3, and is implemented in
Simulink (the model is publicly available at [6]). It consists of
three main parts:
* The converter circuit: A buck mode converter consisting
of two parallel legs, as shown on Figure 3.

* The voltage input source: A simple DC-DC battery with
an input voltage V7 and an internal resistance Ry .

* The load: A droop bus load with two resistances, a capac-
itor C,,; and a variable resistance R,,, = Ry + 0r. The
load variation is treated as a disturbance in this work.

The circuit parameters are given in Table 1. The whole con-
trolled system is visible on Figure 4. Both legs are controlled
through a PWM signal d. The objective is to regulate the out-
put voltage around a desired value Vpgr. To do so, an out-
put feedback controller is designed using a data-driven control
technique in the next section. The simulation model includes
a PWM generator model : the switching period is denoted T
and the sampling period of the whole Simulink model is de-
noted T’sqrmp. The PWM generator has a higher time resolution
Atpw . This model also accounts for communication delays
Teomm and measurements delays Tieas-
Table 1. Circuit parameters of the OwnTech converter model
Parameter | Value
Ryar 2.8 [9]
Lio 33 [uH]
Ch,2 47 [pF]
Ry 1[€2]
Vin 40 [V]




Cin 120 [pF]
Re 0.1 [Q]
Cout | 240 [uF]
Rin 0.1 9]
Rr,, 0.02 [2]
Rey , 0.4 [Q]
Ruyos,, 0.02 [Q]
Tmeas 0.2 [,UJ S]
Tcomm 2.5[uS]
T 5 [pS]
Tpwa | 100 [pe S]
Atpwar | 0.1 [ S]
Tsamp 100 [ S]

FIG. 1. OwnTech’s power converter.

Classically [4], an average state-space model can be obtained
by applying Kirchhoff voltage law (KVL) and Kirchhoff current
law (KCL) during the two operation modes. The state vector is
x= 1[Iy, I, Vo, Vo, Voou Ve, |7, the outputis y =
Ve, .- the controlled input is the duty-cycle d(t) € [0.1,0.9] and
the disturbance isw = [Vin 0g T The average state-space
model can be expressed as :

uar]

Kx(t) = (Ag+d(t)A1)x(t) + (Bo+d(t)By1) w(t)
y(t) =Cx(t) 0

The matrices K, Ay, A; € RS%6, By, B; € R°*% C ¢
RS are given in Table 3. Figure 2 shows a comparison of the
averaged state-space model (denoted as SSA) from (1) and the
Simulink circuit model from the OwnTech Foundation [6] for
an open-loop simulation with a constant duty-cycle d = 0.5.

In the present case, this model can be derived without too
much difficulties as it remains a simple architecture, but this
converter remains a good example of the complexity of the con-
trol task as the system is bilinear and subject to input saturation.
This is usually handled by linearizing the model around a de-
sired equilibrium point, the control design is then performed on
the subsequent linear model. However, this does not allow to en-
sure that the performance and stability requirements are going
to be met when the equilibrium point changes due to variations
in the load or the input voltage. Lyapunov-based approach have
shown promising results, see [13] for instance, but they control
directly the commutations of the switching devices, which make
them not suited for PWM-based control, and their scalability is
limited as the architecture becomes more complex and the state
dimension increases. The next paragraph investigates the use of
a data-driven control technique to overcome these challenges.
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FIG. 2. Comparison between SSA model and Power converter

3. DATA-DRIVEN CONTROL OF POWER CONVERTERS

The difficulty of traditional model-based control increases
as power converters grow more complex. Data-driven control
methods offer a promising alternative by designing controllers
directly from data without relying on explicit models. In partic-
ular, among the various data-driven approaches, Ziegler-Nichols
and Virtual Reference Feedback Tuning (VRFT) are popular
techniques that are going to be used in this section. The con-
troller K to be designed is a PI of the following form:

K(s) = K, + Klé )

where K, is the proportional gain and K7 is the integral gain.

3.1.  Baseline control using Ziegler-Nichols (ZN) tuning

The Ziegler-Nichols (ZN) method is a heuristic that traces
back to the 1940s [14]. The proportional gain is progressively
increased until the system exhibits stable and sustained oscilla-
tions : the ultimate gain K, and the oscillations period T, are
then measured. Several simulations have been conducted on the
Owntech Simulink model to get K, = 0.065 and T, = 1 [ms].
The controller gains can then be fixed using the following tuning

rule : 054K
. “ 3
T 3)

The ZN tuning rules were initially proposed for the design of a
continuous controller for a system that can be approximated by
a transfer function of the following type:

K, =0.45K, and K| =

—TS

ke
S+ a

“

However, not all systems can be correctly approximated by such
transfer function, which constitute the main limitation of the ZN
tuning rules and the gains are tuned in a rather aggressive way,
which can cause problem when discretizing the controller.

3.2.  Virtual Reference Feedback Tuning (VRFT)

The VRFT was initially proposed in [3] and with (up to our
knowledge) two successful application to power converters in
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FIG. 4. Considered closed-loop control structure.

[11] (without anti-windup) and [8] (on a simpler model). The
control design is formulated as a controller identification prob-
lem by using a reference model to enforce the specifications.
This method is entirely data-driven, and only measurements data
from a single experiment are needed to get a controller. This
process simplifies the controller design process as a precise yet
simple enough mathematical model of the system is no longer
needed. The principle of VRFT is represented on Figure 5. The
objective of VRFT is to design a controller K that closely ap-
proximates the ideal controller K*. This ideal controller is the
one ensuring that the closed-loop transfer function matches the
desired reference model M.

Reference| M -7(t)
model M
T‘(t) + . e(t) K d(t) Power Vout(t)
_ converter

FIG. 5. Principle of VRFT[3]

The VRFT follows the five steps detailed hereafter :

¢ Step 1: Data collection
An experiment is conducted on the power converter, with a
user-defined input signal (here the duty cycle signal d(t)),
and the resulting output voltage V. (t) is collected. In or-
der for the control design to be efficient, the chosen input
signal should excites the dynamics to be controlled. In this
paragraph, the training data for the VRFT is obtained by
an open-loop simulation of the Owntech Simulink model
with a chirp duty cycle varying around 0.5 with a frequency
varying from f./2 to 2f.. The collected output is artifi-
cially corrupted by a noise signal n(t), with |n(¢)| < 0.5
. The collected training data is visible on Figures 6 and 7.

The dataset used for training consists of N = 501 samples
collected over a simulation duration of 0.05 seconds.
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FIG. 6. Input d(t) used for data collection.
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* Step 2: Specifications
The desired reference model M is defined to represent the
desired closed-loop behavior. In the present case, a simple
first-order model, see (5) is used to enforce a time constant
T i corresponding to a desired cut-off frequency f,.

(here we take f. = f;/100 with f; = 1/T, = 200k H  the
switching frequency):

1
1+ s7

M(s) =

&)

The reference model is discretized using the ZOH method
with a sampling time Tsqmp = 100 [p s]. It should
be noted that the choice of a reference model can be
tricky when the system to be controlled is unstable or non-
minimum phase, see [15].
 Step 3: Control structure

The controller to be tuned is expressed as K(z,0) =
BT (2)0, where (3(z) defines the structure of the controller



Training output data

out

B Vout-H7

i | |
I

L S

, ,
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045
t [sec]

\
"h
bl

17

V(0 V]

FIG. 7. Collected output Vo ().

and is defined in discrete time. The parameters to be opti-
mized are grouped in the vector 6. In the present case, the
controller is a PI, which gives 6 = [K, K;]T and

pr=11 =] ©)

It should be noted that, in theory, the control structure 3(z)
should be chosen so that it can approximates correctly the
ideal controller K*, which is a complicated task when the
system to be controlled is unknown and/or complex.
 Step 4: Control tuning
First, the virtual reference signal r(t) is constructed so to
satisfy Vot (t) = M(2) - r(t). It corresponds to the refer-
ence that would have been sent to the desired closed-loop
model in order to get the training output V,,;(¢). The cor-
responding virtual tracking error e(t) = 7(t) — Vpue(t) is
then computed. The ideal controller K* is then the one that
gives the training signal d(¢) when it is fed with the virtual
error e(t) : this is how the control tuning problem is recast
as controller identification.
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The controller parameters § = [K,, K;]T are then found

by minimizing the following criterion

N
Jorer = 5 S0 ~ K(56)- e ()

Knowing that K(z,6,) = 57(2)6, the regressor is ®(t) =
B(z)e(t). This is a least squares problem that can be solved

easily. The solution #* is given by:

0 = ) - ®M)] ") _d(t)-dt)  ®)

In the end, the following parameters are estimated :

0" = [K; K7]" = [0.0031 0.0065]"

After discretization, the PI controller implemented in the
Simulink model is the following :

T
K(s) = 0.0031 + 0.0065 - 5 ©)]

Figure 9 show the performances of the ZN and VRFT con-
trollers for a constant V'%/ = 10[V] and the corresponding
control signals are represented on Figure 10. While one can
see that the VRFT controller performs better than the ZN one
with a faster response, a significant undershoot is observed for

both controllers.

The duty cycle of the OwnTech converter is constrained
within the range [0.1,0.9] (see Figure 4), which explains the
large undershoot observed in Figure 9 : this is due to the satura-
tion of the duty cycle observed in Figure 10. This phenomenon
is known as windup, and it is commonly encountered with PI
controllers. When the controller output exceeds the duty cycle
saturation limit, the integral term continues to accumulate the
error, resulting in an integrated error buildup. As noted in [7],
this issue becomes critical as the accumulated error can lead to
significant undershoot and, in some cases, may cause unstable
behavior. In the present case, the ZN controller leads to a longer
saturation than the VRFT one.

Pefromance Comparison

T
out,
VVRFT

t [sec] x10°
FIG. 9. Closed-loop performance comparison between the ZN and VRFT
controllers with a constant reference signal



Controller output

0 0‘»5 ; 1 ‘5 2‘ 2.‘5 I; 3‘5 t;
t [sec]

FIG. 10. Comparison between the ZN and VRFT controllers’ output with the

saturated duty cycle.

x10?

3.3.  Extended VRFT With Anti-Windup Compensation

In order to improve the closed-loop performances, an anti-
windup compensation is included in the designed controller,
following the VRFT extension proposed in [12]. Anti-windup
is commonly used in control systems to prevent the integrator
from accumulating error when the controller output becomes
saturated. While there are several anti-windup methods, the one
adopted here [5] uses the difference between the saturated input
and the actual control input to regulate the behavior of the inte-
gral action in order to avoid windup phenomenon. Such control
structure is illustrated on Figure 11. The duty cycle dsq+(t) that
is actually sent to the power converter is given by :

0.9 ifd(t) > 0.9
deat () = 0.1 ifd(t) < 0.1 (10)
d(t) otherwise
o) + ri e(t) D / dsat(t)
y(t)
{7 ]
R uq(t) +

FIG. 11. The PI controller with Anti-Windup
As shown in Figure 11, the controlled output d(t) is given by:

d(t) = (Kp~€(t))—|-KI/e(t)dt-i—K[KAW ZAiU ud(t—j) (11D

j=1

where ug = d — dgsq represents the anti-windup term. It al-
lows to act on the control signal only when the PWM generator
saturates, in which case u; # 0 while ugy = 0 otherwise. The
design parameter n 41y determines how many past values of ug
are taken into account in the anti-windup compensation. As in
[5], naw = 1 is selected, which is often sufficient. A larger
nawcan be selected for slow systems where saturation effects
persist over multiple time steps, but it increases computational
complexity and the number of parameters to tune.

Compared to the classical VRFT approach recalled in the pre-
vious paragraph, the collected data includes now the signal u4 in
addition to the input-output measurements. Note that to design

the ant-windup compensation, it is necessary that the training
experiment hits saturation. For this reason, compared to the pre-
vious paragraph, the training data set is modified and is visible
on Figures 12, 13 and 14. The data collection simulation is per-
formed in open-loop, with a chirp input signal d(¢) spanning the
same frequency range as before, but around a fixed operating
point of 0.15 to ensure that the duty cycle goes below the sat-
uration limit 0.1, leading to the occurrence of the windup phe-
nomenon which is part of the dynamics to be controlled (see the
traing set for uy on Figure 14.
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FIG. 12. Input d(t) used for data collection for the VRFT design including

anti-windup compensation.
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The controller structure 3(z) is also changed to include the
anti-windup compensation from Figure 11. The virtual refer-



ence r and the virtual tracking error e are then computed as pre-
viously. The problem can then be formulated as a least-squares
problem as in Step 4 of the classical VRFT, but with new re-
gressors :

Jvrrr,aw (0aw) = [|d — @awbaw|[? (12)
with the regression matrix ® gy is :
aw(t) = [et) [e)dt ug(t—1)]" (13)
and the parameters to be estimated 0 gy :
Oaw = [Kp Ki KawKi]" (14)

The optimal parameter vector 6 4y that minimizes (12) is then
given by:

N

N
Prw =D Paw(®)@aw ()] @aw()d(t).  (15)
t=1

t=1
The estimated controller has the following gains :

K’ =0.0018, Kj = 0.0056 and Ky, = 44147 (16)

© Closed loop pefromance with anti-windup
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FIG. 15. Closed-loop performance with anti-windup implementation

Pefromance Comparison

r T T
out
!I VVRF Ty
out
| - V\/’RtFT
ou
20 ll - VZNt B
oul
| —— Viir
|
|
E 15 fll .
5 ||
>° |1
|
10 j ***** IT"_'_’_'—’—':'\::::;__;/“i—/'t‘?':"*?‘\”\’
| S~
| S~
\ e
stV 7 ]
\z._.
L . . . . . .
0 1 2 3 4 5 6
t [sec] x10?

FIG. 16. Closed-loop performance comparison

01F 4

0 05 1 1‘5 2 25 3

t [sec] x10°

FIG. 17. Comparison between the controllers’ output with the saturated duty
cycle.

As visible on Figures 16 and Figure 17, the tracking error is
reduced by including an anti-windup compensation, which al-
lows to adjust the integral gain. Performances of the different
designed controllers are summarized in Table 2, showing that
the VRFT data-driven approaches used in this paper outperform
the baseline controller obtained by the ZN tuning rules (the per-
formance indicators are calculated on the first transient to reach
Vel — 10V, see Figure 16).

Table 2. Closed-loop performance comparison between the different control

designs
Controller Undershoot (%) Settling Time 5% (ms)
Czn 61 2.7
CvRFT 60.8 1.8
CVRFT 114 0.9

4. CONCLUSION

This work details the data-driven control design of a power
converter using VRFT [3] and its anti-windup extension [5].
On the presented example, a simple and reproducible choice of
hyperparameters allow to obtain a PI controller, with or with-
out anti-windup compensation, from a single set of input-output
measurements. The performances are better than the considered
baseline controller obtained through the Ziegler-Nichols tuning
rules.

Future work should focus on the experimental validation of
the proposed method to confirm its practical effectiveness, in
particular on more complex architecture. Additionally, investi-
gating the performance of these techniques under more dynamic
and challenging operating conditions would be an interesting
research path. Indeed, while this approach allows an easy and
quick control tuning, there is no stability nor performance guar-
antees contrary to Lyapunov-based approaches. In the case of
linear systems, this is enforced in data-driven control procedure
through the choice of reference model, training dataset and con-
troller structure. The underlying theoretical and methodological
problem is then to extend this understanding to the case of non-
linear systems.
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