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Data-Driven Tracking Control Design With Noisy
Data and its Application in DC Microgrid Control

Zi-Jie Wei"”, Kun-Zhi Liu"”?, Ping Lin

Abstract—This article focuses on data-driven analysis and dy-
namic feedback tracking controllers design solely utilizing noisy
measured data. By leveraging data-based representations, we es-
tablish data-based stability conditions for discrete-time systems.
Then, we propose the data-based method for designing zero steady-
state error tracking controller gains to achieve set-point tracking
with guarantees of asymptotic stability, bypassing mathematical
modeling of the controlled plant. Furthermore, considering the
robustness against both the noise during data acquisitions and
the disturbance affecting closed-loop operations, we develop a
data-based H,, tracking control design method, ensuring that
the closed-loop system satisfies the H ., performance. Finally, we
apply the presented approaches to dc—dc converters control in
dc microgrids. Voltage control of a single converter and power
sharing of parallel-connected dc—dc converters are implemented by
simulations and hardware experiments. The results show that the
dc-bus voltage keeps stability under the input voltage disturbance
and the load change. Through the droop control, the currents
of the converters are adjusted as expected, which confirms the
effectiveness of the proposed methods.

Index Terms—DC-DC converters, data-driven tracking control,
noisy data, stability analysis.

I. INTRODUCTION

ITH the growing complexity of systems, establishing
Wa mathematical model that meets expectations from
first principles becomes increasingly laborious [1], such as
power systems and urban transportation networks. In contrast,
the abilities of data acquisition, transmission, and saving have
grown more powerful with the development of information
technologies. In recent years, data-driven is a hot topic in the
field of system analysis and control. On the one hand, data
of measured trajectories can be used to construct a mathe-
matical model of the plant, followed by model-based analysis
and control, as called the indirect method [2]. Typical indirect

Received 13 February 2025; revised 6 May 2025 and 3 July 2025; accepted
1 August 2025. Date of publication 4 August 2025; date of current version
8 September 2025. This work was supported in part by the National Natural
Science Foundation of China under Grant 08120005, Grant 08120010, and Grant
62203085, and in part by the Liaoning Revitalization Talents Program under
Grant 04070204. Recommended for publication by Associate Editor A. Davoudi.
(Corresponding author: Kun-Zhi Liu.)

The authors are with the Key Laboratory of Intelligent Control and Op-
timization for Industrial Equipment of Ministry of Education, Dalian Uni-
versity of Technology, Dalian 116024, China, and also with the School of
Control Science and Engineering, Dalian University of Technology, Dalian
116024, China (e-mail: zijiewei@mail.dlut.edu.cn; kzliul989@dlut.edu.cn;
dmulinping @dlut.edu.cn; sunxm@dlut.edu.cn).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2025.3595863.

Digital Object Identifier 10.1109/TPEL.2025.3595863

, Member, IEEE, and Xi-Ming Sun

, Senior Member, IEEE

data-driven methods include system identification based on the
least squares method [3], artificial neural network modeling [4],
[5], etc. On the other hand, control laws can be obtained directly
from data, bypassing mathematical modeling of the controlled
plant. One of the direct data-driven frameworks worth men-
tioning is based on Willems’ fundamental lemma [6], where
the system is represented implicitly by the Hankel matrix of
system trajectories. Fruitful results cover optimal control [1],
[7], predictive control [8], [9], and linear quadratic regula-
tion [1], [10], etc. Considering the noise affecting measured
data, another data-based representation is from the robust control
perspective. Specifically, a set of model parameters explaining
the noisy data of system trajectories is constructed in the form
of quadratic matrix inequality (QMI), which contains the true
system. Building upon the matrix S-lemma [11] or the full-block
S-procedure [12], stability analysis and control design can be
developed for all systems of the set through measurements and
the noise bound. Some efforts encompass aperiodic sampling
control [13], [14], robust control [15], [16], event-triggered
control [17], distributed control [18], autoregressive systems
control [19], and so on.

In the context of the above QMI-based data-driven control
design methods, many of them take the noise of data measured
offline into account, while external disturbances that affect sys-
tem dynamics are ignored. In [20], considering the disturbances
during data sampling and closed-loop operations, L-stability
conditions are established. However, the aforementioned data-
based results mainly focus on the stabilization problem, i.e.,
modifying the system behavior by the proportional feedback
controller to achieve stability around a certain steady-state point.
In this case, changes of the steady-state points may lead to static
errors. Ref. [9] provides a data-driven model predictive control
(MPC) approach, also called data-enabled predictive control
(DeePC) in [21], which may suffer a large computational burden
for complex systems. The authors in [7] studied optimal tracking
control by solving an optimization problem offline with linear
matrix inequality (LMI) constraints, but under the assumption
of noiseless historical data. In contrast, we present a data-based
method to design the tracking controller gains through offline
noisy measurements. The authors in [16] proposed a dual-system
approach to designing tracking controllers that guarantee H,
performance for continuous-time systems. Given the application
of digital control to power converters [22], we derive data-driven
conditions for discrete-time systems.

DC microgrids have gained increasing attention in the last
years, in virtue of efficiency, flexibility, and scalability [23], [24].
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Stability analysis and control of dc microgrids are extremely
important issues that need to be dealt with [25]. However,
increasing the number of power devices leads to more variables
and equations, resulting in a significantly more complex dc
microgrid model [26]. Moreover, circuit parameter mismatch
caused by measurement errors, electrical component aging [27],
possible temperature drift [28], and topology parameter vari-
ations, may make it difficult for the controllers designed by
establishing ideal state-space averaging models [29] to achieve
the desired control performance. The authors in [30] and [31]
adopted a two-step (in-direct) approach. Specifically, the con-
verter dynamics are identified as a local model network or
kernel basis functions first, and local linear controllers or model
reference adaptive control algorithms are designed later. Similar
ideas in the frequency domain are reflected in [32]. Compared
with the two-step approaches, the direct data-driven methods can
extract dynamic characteristics from experimental data directly
without system identification. In [26], a passivity-based data-
driven control design method is proposed, where dc microgrids
are in the form of autoregressive systems and noiseless data
are utilized. In [33], a DeePC algorithm for power converters
was presented, where the effects of the noise were eliminated
by using a larger dataset. However, it may lead to a high-
dimension optimization problem and thus the algorithm may
not be scalable to high-order systems. Besides, many DeePC
methods are applied in power converters secondary control to
adjust the power setpoints in [34], and auxiliary control to
achieve the functionality of oscillation damping in [21] and [33],
while this article focuses on the converters primary control with
high frequency. In a nutshell, the main contributions of this
article are summarized as follows.

1) For one thing, by merely utilizing noisy data of system
trajectories measured in an offline experiment, a data-
driven zero steady-state error tracking (ZSET) control
method is proposed to realize set-point tracking with a
rigorous guarantee of asymptotic stability. The controller
gains are computed by solving a data-guided LMI. The
measurement noise is reasonably assumed to be bounded.

2) For another, given the external disturbances that affect
not only the measurement accuracy but also the system
dynamics, a data-driven design method for the H, track-
ing controller is established without the need for explicit
system identification. The proposed results are applied to
dc—dc converters control in dc microgrids, and verified by
simulations and hardware experiments.

The rest of this article is organized as follows. The system
description and the data-based representation in QMI forms are
introduced in Section II. Section III presents the main results
including data-based stability conditions and data-driven control
algorithms for de—dc converters in dc microgrids. Section IV
provides the simulated and experimental results. Finally,
Section V concludes this article.

Notations: Symbols Ny and N represent the sets of all non-
negative integers and positive integers, respectively. Symbols
R™ and R™ "™ represent the sets of all n-dimensional vectors
and n x m real matrices, respectively. The notation col{...}
denotes column vectors. The notations P > 0 (P > 0) and
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P < 0 (P = 0)indicate that matrix P is positive (semi-) definite
and negative (semi-) definite, respectively. The notation sym{ P}
represents P + PT. I denotes the identity matrix and 0 denotes
the null matrix. || .|| denotes the Euclidean vector norm. The
symbol * indicates entries that can be inferred from symmetry.
The symbol diag{- - - } represents a matrix where all elements
outside the main diagonal are zero.

II. PRELIMINARIES
A. System Description

Consider the discrete-time LTI system described by
xz(k +1) = Az(k) + Bu(k) + Byd(k)
y(k) = Cu(k) €))

where k € Ng, z(k) € R™ denotes the state with initial value
x(0) = zg, u(k) € R™ denotes the input, y(k) € R? denotes
the output, d(k) € R™¢ is the external disturbance. Matrices A,
B, C and B, are constant with appropriate dimensions. The state
matrix A and input matrix B are entirely unknown.

One of the purposes of this paper is to design a ZSET con-
troller to achieve that the output y(k) of system (1) asymptoti-
cally tracks the desired set-point vector (k) € RP in the absence
of external disturbances, i.e., d(k) = 0, without prior knowledge
of system parameters. For another, in the presence of external
disturbances, under the zero-initial condition, given a scalar
v > 0, the closed-loop system with the designed H., tracking
controller achieves the H, output tracking performance index
v, 1.e.,

Z ly(k) = r(k)> < 5* > [ld(k)[? 2)
k=ko k=ko

where d(k) = d(k) — ds € 12]0,00), dy is the steady-state val-
ues of d(k).

To this end, the dynamic feedback tracking controller is given
as

u(k) = Krz(k) + Koz(k) 3)
where z(k) € R? is the integrator state vector satisfying
2(k+1) = 2(k) + y(k) — r(k) ©)

with z(0) = 0.

In the absence of d(k), the dynamic feedback tracking con-
troller (3) is a ZSET controller. Define that ¢, us, ys, and z5 are
the known steady-state values, where y, = (k) for k — +o0.

The asymptotic stability means that 3(k) 2 y(k) —ys — 0 as
k — +oo. The definitions of Z(k), u(k) and z(k) are similar
to 7(k). When dealing with external disturbances, the dynamic
feedback tracking controller (3) is used as the H,., tracking
controller.

Based on the above definitions, the deviation equations are
presented as

z(k+ 1) = Az(k) + Bu(k) + Bad(k),
y(k) = Cz(k) Q)
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and
a(k) = Kyz(k) + Ko (k), ©)
Z(k+1) = z(k) + y(k). )

Therefore, the augmented closed-loop system can be estab-
lished as

§(k+ 1) = A&(k) + BKE(k) + Bad(k) (8)

(k)] 7 A 0] 5 B] &
where £(k) = {zgkﬂ’ A= [C J, B = { },K = Ky, K],
Ba= 7).

Remark 1: In virtue of the integrator state vector z(k), the
controller (3) is capable of zero steady-state error tracking.
Traditional controller design methods depend on the explicit
model, which may not go well when system identification is hard
to achieve smoothly for the noisy data [35]. In what follows, a

data-based representation is introduced for purely data-driven
analysis and control.

B. System Representation From Noisy Data

Suppose that there are measurements {x(i )}fo',;fv an

{u(i )}k°+N ! ko € Ny, N € N, sampled from the moment
kg of the system

x(k +1) = Az(k) + Bu(k) + Byw(k), z(0) = zo.  (9)

In the absence of external disturbances, the term w(k) € R™4
leads to the noise-corrupted measurement in a open-loop experi-
ment offline [13]. In this case, the system (9) is the data sampling
form of the system (1) for d(k) = 0. Thus, the dynamic of the
augmented closed-loop system can be described by

E(k+1) = A¢(k) + BKE(R). (10)

When considering external disturbances, the noise term w(k)
accounts for both the accuracy of offline data acquisition and
the online operation of closed-loop systems. In order to achieve
data-based H, control design with noisy data for system (9),
the H, output tracking performance (2) is modified to

Z ly(k) = r(k)|* <~ Z [ (k

kko kkO

)7 (11)

where w(k) is similarly defined as d(k). In this case, the aug-
mented closed-loop system (8) is modified to

§(k+1) = A¢(k) + BKE(k) 4 Byw(k) (12)
where B, = [Bow
The data matrices of (9) are defined as
Xy = [x(ko+1),2(ko +2)--x(ko + N)J,
X = [x(ko),x(ko + 1) -x(ko + N — 1)],
U = [u(ko),u(ko + 1) u(ko + N — 1)],
W= [w(ko),w(ko + 1) w(ko + N —1)].
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Among them X and U can be measured generally. Obviously,
it holds that
X =AX +BU + B,W. (13)

Rather than the statistical information required in system
identification, a quite general and flexible assumption of the
noise is given as follows [11].

Assumption 1: The noise sequence {w(z)}fiz(fv -t
in the matrix W satisfies W € W with

T
W “ 0
1

T
W {W o m [Q S
(14)

collected

I ST Ry,

for some Q. € RV*N S, e RN*ma R, € R™*™Md with
Quw < 0.

Remark 2: The form of the noise bound in Assumption 1
includes: the energy bound that WW™ = Zf\il w(i)wr (i) =<
R, by setting Q, = —I, S, =0; the individual noise
bound that |lw(k)| <w, which implies that WWT =
SN w(i)wT (i) < w2NT by setting Q,, = —1I, S, = 0, and
R, = w%N I forwy, > 0. Other forms such as the sample covari-
ance bound and the bounded noise within a subspace see [36].

Therefore, we define the set of system parameters that depends
on the measured values with the noise satisfying Assumption 1
as

s :={(AB)| Xy = AX + BU + B,W,W e W}. (15)
By substituting (13) to the QMI in (14), we establish an

equivalent formulation for X5 as follows.
Lemma 1: The set X in (15) is equal to

BT flapr
Y = [AB]’ CH / =0 (16)
where
QS Ss 72 Qu) Su) *Z O
0, =
ST R, X, Bu||ST R.||X. B,
(17)

with Z := col{ X, U}.

By using the data matrices X, X, U, and the bounded noise
matrix W, a data-based representation characterized by a QMl is
provided through Lemma 1. The set 3¢ contains all the systems
explaining the noisy data, as well as the true system (1).

Remark 3: Inthe case of nonlinear systems control, a general
way is identifying a linear system model at a nominal operation
point to design the controller for a certain range of the operation
point. This idea also applies to the proposed data-driven method.
Assume that the values at the nominal operation point are x,,
and u,),. Then the used measurements of the system trajectories

are modified to {x(7) — xop}f:,gON and {u(i) — uop}fiz(fvfl.
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III. MAIN RESULTS

In this section, we first analyze the asymptotic stability of
the augmented closed-loop system (10) without external distur-
bances by means of the aforementioned data-based representa-
tions. Subsequently, the data-based method for designing ZSET
controller gains is proposed. In addition, a data-based design
method for the H, tracking controller is introduced to ensure
that the closed-loop system (12) satisfies the H., performance
(11). Following that, a particular controller structure for dc—dc
converters is presented in the context of dc microgrids. For
symbol simplicity, we define

- In OnXP L On><m
P12 = S ) P13 = I, )

In Onxp On 0n><p
, P22 1= .
[Opxn Ip ‘| ‘|

L c oI,
A. Data-Based Asymptotic Stability Analysis

Through Lemma 1 with the noisy data {x(z)}fi;;fv and
{u(z)}fizoN ~!, data-based asymptotic stability conditions are

derived on the basis of Lyapunov function technique.

Theorem 1: For a given matrix K, the system (10) is asymp-
totically stable, if there exist P > 0 and A > 0 with appropriate
dimensions such that

12 Pl — sym{p13 K Pl } * *
—p22Poly — 022 PKT 013 001 Pp3) — 02 Ppgy
PKTT, 0 P
T
I 0 0 I 0 0
_k[o [10] 0} 98{0 (1 0] 0}*0 (18)

holds, where O is defined as (17).

Proof: We construct the Lyapunov function for system (10)
that V (k) = £% (k) P¢(k), where P = 0. The difference equa-
tion is obtained by direct calculation that

V(k+1)—V(k)

=T (k)(A+ BK)'P(A+ BK) — P)¢(k). (19)
Then, system (10) is asymptotically stable in the sense of

Lyapunov if (A + BK)*P(A+ BK) — P < 0, which is de-

pendent on model parameters (A B) of system (1). Define that

P = P! and then the model-based condition is equivalent to

P—(A+ BRK)P(A+ BK)T -0 (20)
which can be rewritten as a QMI
T
1 P 0 0 1
AT 0o -P —PKT AT| = 0. (21
B |o -KP -KPK'||BT
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By means of a Schur complement argument with P > 0 and
matrix decomposition, the condition (18) is equivalent to

(P 0 0 .
lO(n+m)x(n+p) P12 $13 ‘| 0 _p _PKT |:*:|
0 n m r T r
721 722 S}l _gp —KPKT

= 0. (22)

0 [I0 0 [I0]

Then by the full-block S-procedure [12] with the QMI in (16),
the LMI (22) implies that

Sl el

T
I
I 0 0o CT P 0 0_
O ONafro 2 TI||0 Sk EE L

(23)

which is equivalent to (21). Hence, system (10) is asymptotically
stable. |
Remark 4: It can be seen that the stability condition in
Theorem 1 is presented without any model knowledge, which
is treated as uncertainty in the processing of linear fractional
transformation (LFT). Compared with other QMI-based data-
driven methods [11], [13], [14], [15], [17], [18], [19], the main
challenge in the derivation of Theorem 1 is that the model
parameters of the closed-loop system (10) is not corresponding
to the elements of data-based representations (16), due to the
introduction of the integrator state vector for tracking control.

B. Data-Based Zero Steady-State Error Tracking Controller
Design

Based on Theorem 1, we propose a data-driven tracking
control design method in what follows.

Theorem 2: The system (10) is asymptotically stable, if there
exist P > 0,1 > 0 and L with appropriate dimensions such that

—p12Ply— sym{pis Loy} * *
—p2Pply — 0oLty pa1 Pl — pa2Ppdy
LYol 0 P
T
I 0 0 I 0 0
A {0 (1 0] 0} s {0 (1 0] 0] =0 (24)

holds, where Oy is defined as (17). The tracking controller gain
can be computed by K = LP~!.

Proof: In order to make K to be convex in the matrix in-
equality condition, the main change from Theorem 1 is the
modification that L = K P, i.e., the condition (24) implies (18).
By solving the LMI (24), P and L are obtained and thus K can
be calculated. Hence, system (10) is asymptotically stable. W

Remark 5: There is an additional assumption for matrix © in
derivations of controller design conditions in many QMI-based
data-driven control methods such as [13], [14], [15], and [17].
However, it is not required in the presented work.
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C. Data-Based H, Tracking Controller Design

In view of external disturbances, we establish a data-driven
H , tracking control design method for system (12) thereinafter.
For symbol simplicity, we define

X(’f) = col{{(k), w(k)},

= [Linas Omgx(2n+3p)]s
ly == [Opxmda Ipv OpX(2n+2p)}

= Ot x(matp)s Intps Ontp) < (ntp)
ls = [0(ntp)x(matnt2p)s Intpls

I, Onx nxn c
1—‘1 = Upxn 0p>< ’ 1—‘2 = Upxn Ip ) Fd ::J{n Onx
mxn  Am mxn Ymx

Theorem 3: For a given scalar v > 0, the closed-loop system
(12) satisfies the H, tracking performance (11), if there exist
P > 0,1 > 0 and L with appropriate dimensions such that

D, Tols] [0 GT] [Ty Tols
0o I G wvllo I
T
I 0 I 0
_’\[0 rglg] s {0 rglg] =0
holds, where

U =11 (y?I-BLB,)l +13 (I-CPCh)ly+13 Plz+1j Ply,
G=—-1;C[PT L")+ 1] [PT L"]
withC' = [C 0,xy), O is defined as (17) The tracking controller
gain can be computed by K = LP~!.

Proof: We construct the Lyapunov function for system (12)

that V (k) = £T (k) P¢(k), where P = 0. The difference equa-
tion is obtained by direct calculation that

V(k+1) - V(k)
=M (k)((A+ BK)"P(A+ BK) — P)¢(k)

(25)

+ @ (k)BY B,w(k)
= X" (k)Px(k) + y*@" (k)o(k) - &(k)TCTCE(k)  (26)
T BT A B AT
where oAt BE) P(AEBK) P+CTC BngO_yﬂf

By the full-block S-procedure with the QMI in (16), the LMI
(25) implies that
{*} = 0.

The left-hand side of the inequality (27) is equal to W +
sym{—IT(A+ BK)PC"Tly + 1} (A + BK)Pl4}. It can be il-
lustrated in matrix form that

0 GT
G v

(T1[A B]'T3 4 T) I3

7 27)

v*1-BL B, 0 0 0
0 I-CPC"  —CP(A+BK)" 0
0 —(A+BEK)PC* P (A+BK)P
0 0 PY(A+BK)* P
(28)
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Define P = P~'. Through matrix decomposition and invoking
Schur complement argument twice with P > 0, the condition
that (28) is positive definite is equivalent to

P 0 CT (A+BK)
0 v?I-BrB, 0 0

7 Q 7 0 7 0 > 0. (29)
A+BK 0 0 pt

It is easy to conclude that ® < 0. Then, we can

obtain from (26) that V(k+1)—V(k) <~2||w(k)|? —

|ly(k) — (k)2 Thus, we have 37, (V(k+ 1) — V(k)) <
Sk (PR = lly(k) = r(k)|*), ie

z
V(Z+1)=V(ko) <7° Y llw(k)]*~ Z ly () —r (k)|
k=ko k=ko
(30)

Under the zero initial condition V' (kg) = 0 and V (k) > 0 for
X # 0, one has Y5 ly(k) — (k)2 < 42 555, (k)2
for Z — oo. Hence, the system (12) achieves the H, tracking
performance (11). |

Remark 6: In the framework of QMI-based data-driven meth-
ods, QMIs are used to represent various bounds for noise samples
and further represent the system matrices (A B) through input-
state data. By converting the results of model-based conditions
to QMIs related to matrix variables (A B), the purely data-driven
conditions are obtained by the full-block S-procedure, as shown
in the proof of Theorem 1. Thus, the ideas of Theorems 1, 2, and
3 can be extended to other existing model-based results for LTI
systems.

D. Data-Driven Control for DC-DC Converters in DC
Microgrids

On the basis of the aforementioned theories, we are about
to design a data-driven control strategy for dc—dc converters.
Notice that the considered controllers are the primary con-
trollers in the hierarchical control framework, rather than the
secondary controllers that modulate the steady-state objectives
of the dc microgrid. The voltage of the capacitor and the
current of the inductor are chosen as state variables of the
dc—dc converter model with n,, capacitors and n; inductors, i.e.,
x(k) = col{v.(k),ir(k)}, where v.(k) € R™, ir(k) € R™
with n,, + n; = n. The input u(k) is the duty cycle. The state-
averaging models of dc—dc converters are nonlinear, represented
as

x(k+1) = f(x(k),u(k)). (31)

However, in practice, the control strategies for dc—dc con-
verters are generally applied along the nominal operation,
which is determined in the design stage. Therefore, the dy-
namic of the nonlinear model (31) for a certain range of
the operation point can be described by the LTI system (5).
Define v..(k) = col{v}(k),...,v" 1 (k),v,(k)} and i (k) =
col{i} (k),...,i7"(k)}, where v, (k) is the voltage of the output
filter capacitor. Given the output voltage of the dc—dc converter
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5| Droop Viom
control

A

DC-DC Converter

Fig. 1. Block diagram of the single-loop tracking controller.

is equal to the voltage of the output filter capacitor, the out-
put matrix of system (5) can be described as C' = [C,,0,,] =
[01%(ny—1)5 1, 01xn,]. As defined in Section II-A, the steady-
state values are accordingly x5 = col{v.s, %15} and us, where
Ves = col{vly, ..., oM v, and i = col{il,, ... i} }.
Note that v.s and ¢y ¢ are rating values, which are preset during
the design stage of a dc microgrid. As state variables of the
dc—dc converter model, the capacitor voltage and the inductor
current are both imported into the feedback loops of the control
system. Further considering that the goal is to regulate the output
voltage v, (k) of the de—dc converter to the set-point v,s, we
construct an integrator state vector z (k) for v, (k), and import it
into the feedback loop to eliminate steady-state tracking errors.
Therefore, the single-loop dynamic feedback controller can be
designed as

(k) = ko190(k) + koaZo (k) + kiiz (k)

where u(k) = u(k) — us, ve(k) = ve(k) — ves = col{vl(k),
.. ,173'“_1(/€), ’ljo(k)}, EL(/{) = iL(k)— s = CO]{E%(]C), ceey
177 (k)}. The integrator state vector of v, (k) satisfies Z,(k +
1) = z,(k) + 0, (k). That is, the controller gains in (6) is repre-
sented as K1 = [ky1, k;], Ko = kyo. The controller structure is
depicted in Fig. 1.
Furthermore, the dual-loop controller composed of an inner
current loop and an outer voltage loop can be described as

ﬂ(]{}) = k‘,JLL(/C) + k‘igii(/{}),
ELLr('I’C) = kvll—)o(k) + kv25v(k)

(32)

(33)

where 74 (k) is the error between the sampled signal 4, (k) and its
reference signal it (k). i4 (k) = C,ir (k) is the tth inductor cur-
rent of i1, (k) to be controlled, i.e. C, = [01,(,—1), 1, 01 (n,—1))-
The integrator state vector of ¢4 (k) satisfies z;(k+1) =
z;(k) + 4% (k). The reference signal i (k) of the inner current
loop is the sum of a given rating value 4% .. and the output of
the voltage loop, i.e., i}, (k) =i}, + 4;, (k). The dual-loop
controller structure is depicted in Fig. 2. The gains of the inner
current loop controller in (6) are represented as K = k1, Ko =
k;o, and the output matrix of the linearized system (5)is C' = 1,
ie, y(k) = (k) = i (k). Regarding the linearized system of
the dc—dc converter interconnected with the designed inner loop
controller, the gains of the outer voltage loop controller are
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DC-DC Converter

Fig. 2. Block diagram of the dual-loop tracking controller.

Algorithm 1: Data-driven Zero Steady-state Error Tracking
Control Algorithm for a DC-DC Converter

Step 1. Perform an open-loop experiment with an
exciting signal around the operation point of the
DC-DC converter.

Step 2. Sample the input and state data of system
trajectories {u(z)}fi};fv*l and {x(z)}fi};fv from the
moment kg.

Step 3. Calculate the difference between the sampled
signals and the steady-state values, i.e.

{ui) — us}2r NV and {a(i) — 2, ool N

Step 4. With the data obtained in Step 3, solve the LMI
(24) to obtain P and L.

Step 5. Compute the controller gain K = LP~!.

represented as K| = k,1, Ko = k2, and the output matrix is
C=1,ie,y(k) = z(k) = 9,(k).

To achieve data-driven control, the data of the system tra-
jectories {x(z)}fi',;jv and {u(i)}fi',:v_l, ko € Ng, N € Ny
are measured, by applying an open-loop excitation around
the operation point us. As mentioned in Remark 3, the data
used for control design are the difference between the sampled
signals and the steady-state values, i.e. {x(i) — J:é}i’f,;fv and
{u(i) — us}fi',;N_l. For the single-loop controller, the data-
driven ZSET control algorithm and the data-driven H, tracking
control algorithm for a dc—dc converter can be summarized as
Algorithms 1 and 2, respectively. For the latter, the minimum
estimated value of v can be obtained via a bisection algorithm,
i.e. Steps 4—6 in Algorithm 2. For the dual-loop controller, the
data-driven control algorithm can be described as Algorithm 3,
where the data collection process and the controller gain calcu-
lation based on Theorem 2 follow the order of inner loop first
and then outer loop. In a similar way, Theorem 3 can also be
utilized in Algorithm 3 to compute controller gains.

In the case of multiple dc—dc converters supplied in parallel,
the controller design for parallel-connected dc—dc converters
can be dealt with in an incremental process. That is, for the new
converter connected to the dc microgrid that already contains the
converters equipped with the designed controllers, the control
algorithm is performed similarly. By interconnecting in open-
loop to the dc-bus of the closed-loop converters, the dynamic
of the newly added converter captured by the measured data
contains the interconnections of other converters and loads.
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Algorithm 2: Data-driven H, Tracking Control Algorithm
for a DC-DC Converter

Step 1. Perform an open-loop experiment with an
exciting signal around the operation point of the
DC-DC converter.

Step 2. Sample the input and state data of system
trajectories {u(z)}fi;gjv ~!and {x(z)}fggoN from the
moment k.

Step 3. Calculate the difference between the sampled
signals and the steady-state values, i.e.

{u(i) —us i Nt and {a(i) — a }op .

Step 4. Set an initial estimated upper value of H
performance index ,, > 0, which is required to be
feasible for solving the LMI (25). Set an initial estimated
lower value of H, performance index ; > 0, which is
required to be infeasible for solving the LMI (25).

Step 5. For the given +,, and 7;, compute
Ym = (Yu + 1) /2. If the LMI (25) is feasible for 7,y,,
set Yy, = Ym; otherwise set v; = v,

Step 6. For the preset goal error e, if [y, — V| > e,
go to Step 5; otherwise go to Step 7.

Step 7. For the given 7, in Step 6, set v = ~y, and solve
the LMI (25) to obtain P and L.

Step 8. Compute the controller gain K = LP~!.

Remark 7: In terms of algorithm complexity, the time taken
to solve the LMI in the algorithm is very short (CPU time is less
than 0.5 s). Moreover, the control design for converters is during
the design stage of the original or upgraded dc microgrids. Thus,
the algorithms do not need to be executed in real time.

Remark 8: In order to achieve power sharing of parallel-
connected dc—dc converters, the droop control [25] can be
utilized, as presented in Fig. 1. The reference of the output
voltage v, is determined by vos = Vnom — kdto, Where vy om,
is the nominal voltage, 7, is the measurable output current, and
kg is the droop gain.

IV. EXPERIMENTAL RESULTS

In this section, the proposed data-driven control design
methods are validated by simulations and experiments. In
Section IV-A, a single ended primary inductor converter
(SEPIC) is firstly considered to verify the designed single-loop
voltage control strategy of the dc—dc converter in simulations.
Then, we consider a dc microgrid with parallel-connected dc—
dc converters, i.e. the interconnection of a boost converter, a
buck converter, and loads, where voltage regulation and power
sharing are both implemented. In Section I'V-B, the experiment
investigation is conducted based on the hardware prototype
including the power circuitry to verify both the single-loop
control algorithm and the dual-loop control algorithm.

A. Simulation Examples

1) Control of Single SEPIC
The SEPIC is used in numerous applications such as the
solar power generation field [37]. The structure of the
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Fig. 3.  Structure of the SEPIC.

Algorithm 3: Data-driven Dual-loop Tracking Control Al-
gorithm for a DC-DC Converter

Step 1. For the inner current control, perform an
open-loop experiment with an exciting signal around the
operation point of the DC-DC converter.

Step 2. Sample the input (duty cycle) and state (the
controlled inductor current) data of system trajectories
{u(z)}fi‘,t{fvfl and {ZLL(Z)}:‘ZZON from the moment k.

Step 3. Calculate the difference between the sampled
signals and the steady-state values, i.e.

{u(i) = us NV and {it (i) — i, 2ot

Step 4. With the data obtained in Step 3, solve the LMI
(24) to obtain P and L.

Step 5. Compute the inner current loop controller gain
K=LP

Step 6. For the outer voltage control, perform an
open-loop experiment with an exciting signal around the
operation point of the DC-DC converter interconnected
with the inner loop controller designed in Step 5.

Step 7. Sample the input (reference of the controlled
inductor current) and state (output voltage) data of
system trajectories {ZLLT(7)}§§Z;V ~!and {vo(z)}fgz(fv
from the moment k.

Step 8. Calculate the difference between the sampled
signals and the steady-state values, i.e.

{Z[Lr (Z) - iirs}§22§71 and {UO(i) - UOS}?EZL{V'

Step 9. With the data obtained in Step 8, solve the LMI
(24) to obtain P and L.

Step 10. Compute the outer voltage loop controller gain
K=LP %

SEPIC is shown in Fig. 3. The parameters of the SEPIC
are L1 = Ly = 150 pH, C; = 47 uF, and Cy = 250 uF.
The load resistance is R, = 10 Q. The input voltage
is vy, = 25 V. The reference of the output voltage is
Uos = 50 V. The switching frequency is f,, = 50 kHz.
The control period of the proposed dynamic feedback
tracking controllers is set to T,.; = 0.01 ms. The goal of
the data-based controller is to regulate the output voltage
v, of the SEPIC to v,s. The power system simulation is
based on SIMULINK. The controller gains are obtained by
solving the LMI through Yalmip with Mosek in MATLAB.
The data-driven control design begins with the data ac-
quisition during an open-loop experiment of the sys-
tem. The steady-state value of the duty cycle is us =
Vos/ (Vin + vos) = 2/3. Thus, the exciting signal is set to



u(k) = 0.01sin(0.017k) + 2/3. The noise sequence W is
sampled uniformly from [—wy,w;], where w;, = 0.005.
Through Assumption 1, the noise w(k) is individually
bounded in Euclidean norm by wy, by setting Q,, = —1,
Sw =0,and R, = wiNI.

The state x consists of the voltage vg, Vo, and the
current i+, i%, where the voltage of the capacitor Co
is equal to the output voltage v,. By sampling in-
put data U = [u(0),u(1),...,u(N —1)], we can ob-
tain state sequences X = [x(0),z(1),...,2(N —1)]and
Xy =[z(1),2(2),...,2(N)] accordingly, where N =
1000. Then we calculate the difference sequences re-
spectively that {u(i) — us} Y0, {x(i) — 25} ,!, and
{x(i) — x5} ;. By solving LMI (24) with the calculated
data, we can compute the ZSET controller gains

K = [0.00024, —0.0237, —0.00662, —0.00811, —0.876].

Based on the form of the dynamic feedback controller (32),
the computed gains of the controller correspond to ¥, ¥,
i}, 4% and the integrator state vector of ¥, in sequence.
Similarly, through LMI (25) with the calculated data, we
can obtain the H, tracking controller gains

K = [-0.00017, —0.0593, —0.0124, —0.0011, —0.962].

The proposed data-driven dynamic feedback controller
designing methods are compared with the data-based sta-
bilization control design method in [11] and the DeePC
method in [9]. The data-based stabilization control method
is similarly based on the system representation from noisy
data in the form of QMI, without considering the inte-
grator state vector. The control period is the same as the
dynamic feedback tracking controller, i.e. T.; = 0.01 ms.
Utilizing the LMI (FS) in [11] with the sampled noisy
data mentioned above, the stabilization controller gains
are computed as

K =1]0.0016,—0.0031, —0.0004, —0.0028]

where the four proportional feedback gains correspond
to ¥}, ¥,, i+ and 72 in sequence. For the DeePC method,
where the traditional MPC optimization problem is formu-
lated into a data-based form through the precollected data
satisfying the persistence of the excitation condition [6],
we choose L = 30 for the prediction horizon with the pa-
rameters (Q = diag{1,103,1,1}, R = 1. Since the single
execution time of DeePC is around 10 to 20 ms, the control
period is set to 20 ms to ensure that the algorithm works
as expected.

To verify the robust performance of the data-driven con-
troller, we impose the disturbance on input voltage within a
range of 7V and change the load within arange of +20%,
respectively. The results are shown in Figs. 4 and 5. It can
be seen that the output voltage of the controlled SEPIC
remains constant. The proposed data-based dynamic feed-
back controllers including the ZSET controller and the H
tracking controller are superior in terms of the steady-state
error. Moreover, with the robust performance constraint,
the H., tracking controller achieves a smaller overshoot
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. Output voltage response with +20% load variation for the SEPIC. (C1:

ZSET controller; C2: H, tracking controller; C3: Stabilization controller; C4:
DeePC.).

2)

than the ZSET controller in the case of load variation.
In terms of the ZSET controller and the H., tracking
controller, considering similar dynamic behaviors of the
closed-loop systems and the length constraints on the
article content, the simulated and experimental results
of the data-based H,, tracking controller are presented
subsequently.

Control of Parallel-Connected dc—dc Converters

The dc microgrid with parallel-connected dc—dc convert-
ersisdepicted in Fig. 6. The parameters of the dc microgrid
are input voltage of the boost converter, v;,; = 50 V;
input voltage of the buck converter, v;,2 = 200 V; the
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Fig. 6. DC microgrid including parallel-connected DC-DC converters.

reference of the output voltage, i.e. dc-bus voltage, v,s =
100 V; load resistance, R, = 10 €; switching frequency,
fw = 50 kHz; control period, T.; = 0.01 ms. The pa-
rameters of the boost converter are L; = 238 yH and
C7 = 10 pF. The parameters of the buck converter are
Ly = 328 uH and Cy = 96 pF. One of the goals of the
data-based controllers is to regulate the output voltage v,
of the dc-bus to v,s. Another one is to achieve power
sharing of parallel-connected dc—dc converters. For this
purpose, the droop gains of the boost converter and the
buck converter are kg1 = 0.4 and k4o = 0.6, respectively.
We first design the controller for the boost converter. In the
open-loop experiment for data acquisition, the steady-state
value of the duty cycleisu1s = 1 — vin1/v0s = 0.5. Thus,
the exciting signal is set to u(k) = 0.02sin(0.0087k) +
0.5. The noise sequence W is sampled uniformly from
[—wp, wy], where w, = 0.05. Through Assumption 1, the
noise w(k) is individually bounded in Euclidean norm by
wy, by setting Q, = —1, Sy, = 0,and R, = wZNI.
The state x consists of the voltage of the capacitor v,, i.e. the
output voltage, and the current of the inductor 77,1 of the boost
converter. By sampling input data U, we can obtain state se-
quences X and X | accordingly, where the number of samples is
1000. Then, we calculate the difference sequences, respectively,
that {u(i) — ui,} Vo', {2(0) — 2.}y and {2(i) - 2.},
By solving LMI (25) with the calculated data, we have the H .,
tracking controller gains

K =10.00312,—-0.0129, —0.255]

where the computed gains of the controller correspond to v,
47,1 and the integrator state vector of v, in sequence.

A buck converter is interconnected to the dc-bus of the
boost converter, as depicted in Fig. 6. The goal is to design
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connected DC-DC converters.

the controller for the new converter to regulate the voltage of
the dc-bus and achieve power sharing of two converters. To
this end, an open-loop experiment for the buck converter is
conducted, which is similar to the boost converter. Note that the
steady-state value of the duty cycle is uss = Vs /Vin2 = 0.5 for
the buck converter. Sample T uniformly from [—wy, w;] and
set Qu = —1, Sy =0, and Ry, = w?NI, where w, = 0.05.
Then, we can obtain 1000 measurements of U, X, and X, . The
state x consists of the output voltage v, and the current of the
inductor 779 of the buck converter. By calculating the difference
sequences and solving LMI (25), we can compute the controller
gains

K =1[0.00194, —0.0086, —0.223]

where the computed gains correspond to @, 71,2 and the integra-
tor state vector of v, in sequence.

We first impose the disturbance on the input voltage of the
buck converter to verify the robust performance of the data-
driven controller. As illustrated in Figs. 7 and 8, the voltage of
the dc-bus and the current of the inductor are robustly stabilized
by the designed controller. Then, we change the load within a
range of £15% to verify the power sharing capability. Figs. 9
and 10 imply that the currents are adjusted as expected, while
the dc-bus voltage keeps stability.

The proposed control strategies are suitable for the modular
dc microgrid [26]. Specifically, the controllers for power con-
verters, which are designed in an incremental process during
network capabilities upgrade, can achieve a satisfactory sta-
bility performance even after the distributed generation (DG)
modules are inserted as well as removed in the order of module
expansion. The considered DG includes a dc source, a dc—dc
converter, and the local load [38]. To verify the ability of plug-
and-play (PnP) functionality, we consider a DG v;,,; including
the aforementioned boost converter and a DG v;,,2 including
the aforementioned buck converter, where the local loads of DG
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Vin1 and DG vy, are both Ry, = 20 Q. Figs. 11 and 12 show
the closed-loop performance during the plug in/out of the DG
Vin2 to/from the DG v;,,1. It can be seen that the output voltage
remains stable and the output currents are adjusted as expected
even after incremental addition or removal of new devices.

B. Hardware Experiments

As depicted in Fig. 13, the hardware experiment platform
consists of a dc—dc buck converter, a dc voltage source, the
Rapid Control Prototype (RCP), the load module, and the upper
computer display module. The parameters of the buck con-
verter are L = 1.6 mH and C' = 4 mF. The load resistance is
R, = 20 (). The input voltage is v;,, = 30 V. The reference of
the output voltage is v,s = 10 V. The switching frequency is
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Fig. 11.  Output voltage response of DG v;,1 under plug-out of DG ;2 at
t = 1s and its plug-in at £ = 2s.

fwre = 20 kHz. The control period is set to T.o = 0.1 ms. The
goal is to design a data-based controller to regulate the output
voltage v, of the buck converter to v,s.

For the single-loop controller, since the steady-state value of
the duty cycle is us = v,s/vin = 1/3, the exciting signal is set
to u(k) = 0.05sin(0.01337k) 4+ 1/3 in the open-loop experi-
ment. Sample W uniformly from [—wy, wp] and set Q,, = —1,
Sy =0, and R, = ngI, where w;, = 0.01. Then we can
obtain measurements that U, X, and X, where the number
of samples is 1000. The state x consists of the output voltage v,
and the current of the inductor ¢7,. By means of LMI (25), we
can compute the controller gains

K =[-0.00811, —0.08784, —0.51503]



17786

current (A)

0:....I....I....l....l....l....

0 0.5 1 1.5 2 28 3
time (s)
Fig. 12.  Output current response under plug-out of DG v;,,2 att = 1s and its

plug-in at £ = 2s.

Fig. 13.

Hardware experiment platform.

where the computed gains correspond to ¥, 77, and the integrator
state vector of v, in sequence.

For the inner current loop of the dual-loop controller, the
settings for the data collection are the same as the single-loop
controller, where the sampled state is the inductor current rather
than the output voltage. Through Steps /-5 in Algorithm 3, we
can compute the controller gains of the inner current loop

K =[-0.2073, —1.283]

where the computed gains correspond to i% and the integrator
state vector of 75 in sequence. As for the outer voltage loop, since
the steady-state value of the inductor current reference, i.e., the
rating value of the inductor current, is 7% .. = 0.5, the exciting
signal is set to i (k) = 0.5sin(0.002667k) + 0.5 in the open-
loop experiment for the buck converter interconnected with
the designed inner loop controller. Other settings for the data
collection are the same as the single-loop controller. Through
Step 6-Step 10 in Algorithm 3, we can compute the controller
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gains of the outer voltage loop

K = [—0.4407, —2.058]

where the computed gains correspond to ¥, and the integrator
state vector of ¥, in sequence.

As illustrated in Figs. 14 and 15, where SLC and DLC
represent the single-loop controller and the dual-loop controller,
respectively, the output voltage and the inductor current are
robustly stabilized by the data-based controller with input volt-
age variation. The dual-loop controller achieves smaller output
voltage overshoots and smaller current oscillations. In addition,
Figs. 16 and 17 imply that the output voltage keeps stability
and the current is adjusted as anticipated when the load is
doubled at 5 s and then halved at 15 s, which verifies the
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effectiveness of both the single-loop controller and the dual-loop
controller.

V. CONCLUSION

In this paper, we study data-driven analysis and control de-
sign for dc—dc converters in dc microgrids. Data-driven control
algorithms for two dynamic feedback tracking controllers are
proposed. Instead of identifying explicit systems, the control
algorithms are achieved through measurements of system trajec-
tories with rigorous theoretical derivations. The considered noise
affects not only the measurement accuracy, but also the system
dynamics, which is more suitable for practical applications. Note
that the relationship between data-driven control and model-
based control should be complementary rather than exclusive,
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based on their respective advantages and disadvantages. For
instance, by virtue of its ability to extract system characteristics
from actual field data, data-based results can be used to guide
the optimization of control parameters initially tuned according
to the model-based approach. For future work, PnP-oriented
data-driven distributed control design for multibus dc microgrids
may be an interesting topic. Moreover, the RCP-based controller
can be replaced with a microcontroller unit to validate the data-
driven control algorithms, which is closer to the mass production
environment.
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