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ABSTRACT This paper presents a novel hybrid control architecture for grid-tied inverters with an LCL
filter, combining a fractional-order proportional-integral-derivative controller, dedicated to reference track-
ing, and a robust model reference adaptive controller, employed for active rejection of grid disturbances.
A systematic tuning procedure using the puma optimizer is provided to tune all eleven parameters of the
composed control algorithm. Experimental results, performed on a TMS320F28335 Delfino microcontroller
equipped in a laboratory prototype, corroborate the simulation findings, presenting fast current tracking
and disturbance rejection, with low settling time and total harmonic distortion below the limits established

by the IEEE 1547 standard, whose mean between the three-phases is 2.55% in steady state.
KEYWORDS Adaptive control, Current controller, Metaheuristic optimization, VSI.

I. INTRODUCTION

The growing global energy demand, sustained mainly by
fossil fuels, has intensified greenhouse gas emissions (GHG),
culminating in an unprecedented climate crisis [1]]. Extreme
climate events, biodiversity loss, and risks to human health
are direct consequences of this interference in the environ-
mental balance [2]. International agreements such as the
Paris Agreement establish ambitious targets for emissions
reduction, aiming to limit global warming. Intergovernmental
Panel on Climate Change (IPCC) reports indicate the need
for drastic reductions in GHG emissions in the coming
decades to achieve these objectives [3]], making the transition
to a clean energy matrix a necessity.

In this scenario, renewable energy sources stand out as the
most viable solution to decarbonize the power sector. The in-
stalled capacity of these sources has grown exponentially on
a global scale, representing the vast majority of new power
generation additions [4]]. The fundamental link between these
sources and the electrical grid are the power electronic
converters, typically voltage source inverters (VSIs). To
ensure the quality and safety of the energy injected into the
grid, passive filters are indispensable for attenuating the high-
frequency harmonics generated by the inverter switching [5].
Among the filter topologies, L and LCL filters are commonly
used, being the second one the most popular due to its high
attenuation capability, reduced size, and competitive cost [|6].

Despite its advantages, the LCL filter introduces a reso-
nance peak in the system’s frequency response [7]], a notori-
ous challenge that can lead to instability if not duly treated
[8]. The active damping technique, in which the current
controller itself is designed to mitigate this resonance, is

the preferred approach as it avoids the power losses inherent
in passive damping methods [9]]. The challenge intensifies
considering that the grid impedance is not constant nor
precisely known, which can shift the resonance frequency
and degrade the linear fixed-gain controllers performance.

Traditionally, proportional-integral-derivative (PID) con-
trollers are the first choice in many industrial applications.
However, their structure with only three degrees of freedom
can be insufficient for the precise control of systems with
complex coupled dynamics and relevant disturbances, as is
the case of inverters with LCL filters. To overcome this lim-
itation, fractional-order PID (FOPID) controllers, originally
proposed by [10], emerged as a more suitable alternative.
By introducing the integrator (\) and differentiator ()
orders as tuning parameters, the FOPID expands the control
plane from points (P, PI, PD, PID) to a continuous plane,
offering five degrees of freedom (K, K;, Kg, A, ). This
additional flexibility allows for a much finer adjustment of
the dynamic response, enabling more precise and robust
control. However, even a well-tuned FOPID still operates
with fixed gains, making it vulnerable to disturbances and
parametric variations not foreseen in the design.

A natural solution would be the development of adaptive
FOPID controllers. Recent literature indeed explores several
strategies, using fuzzy logic [11], neural networks [[12]], [[13]],
neurofuzzy [ 14]], and sliding mode control (SMC) [15]], SMC
and fuzzy logic [[16]], and sigmoids [[17]. Although effective,
these approaches often result in complex adaptation laws,
which results in high computational burden.

In this context, this work presents a novel control archi-
tecture combining the high performance of the FOPID for
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fast tracking with the robustness of a robust model reference
adaptive controller (RMRAC) for disturbance rejection. Both
controllers are optimized using a meta-heuristic algorithm to
extract its maximum performance. The resulting structure,
named FOPID+RMRAC, combines the flexibility of the
FOPID with the robustness and adaptation capability of the
RMRAC in a parallel action, keeping the implementation
complexity reduced. The developed controller is experimen-
tally implemented for grid-injected current regulation of a
three-phase VSI with an LCL filter, subject to reference vari-
ations and abrupt changes in the electrical grid parameters.
The main contributions of this work are:

e A novel FOPID+RMRAC controller;

e A systematic procedure to tune the eleven parameters of
FOPID+RMRAC using the puma optimizer (PO) [18]]

e Experimental validation of the developed control strat-
egy in a laboratory prototype.

Il. PLANT DESCRIPTION AND MODELING

Figure |I| depicts the closed-loop system, which consists of
a three-phase VSI connected to the electrical grid through
an LCL filter, where L., C'¢, and L, are the LCL filter
parameters. Furthermore, vy and vy, are the grid voltage
and the DC link voltage. Besides, 7., r41, and 74y are the
parasitic resistances. The line-to-line voltages (V,; and V)
are measured at the point of common coupling (PCC) and
used for VSI synchronization through a Kalman filter [[19]],
implemented in digital signal processing (DSP), where the
controller runs and is synthesized utilizing the space vector
modulation (SVM).

DC link

SVM -msmes
Iq, Ip, Ic

- DSP | | o

FIGURE 1. Three-phase grid-tied VSI with an LCL filter.

The system dynamics are represented by the relationship
between the grid-injected current (i4) and the output voltage
modulated by the inverter (Vj,,). Assuming a balanced
system and applying the Clarke transform to decouple the
phases, the equivalent single-phase model is [20]:

1

ig(s) LyL.C
Vi)~ o, BoLetRely) o (Lot Ly ByReC) Ry + R’
LyLe L,L.C T L, LC

The LCL filter parameters are L. = 1 mH, Cy = 62 puF,
Lg1 = 0.3 mH [21]], while the grid parameters are vy =

127 V,.1,s/60 Hz with 0.3 mH (or 1.3 mH during parametric
variation test). Yet, the sampling and switching frequencies
are 5040 Hz, while r., r41, and 74 are considered 50 mS).

lll. FOPID+RMRAC CONTROLLER
Next, the theory of each control algorithm is discussed.

A. FOPID controller

The FOPID controller is a generalization of the classic PID
controller, introduced by [10], which uses fractional-order
calculus operators for the integral and derivative actions. The
FOPID control action uroprp is described by the following
fractional-order differential equation [22]:

UFOPID(t) = er(t) + Ki'DiAe(t) + KdD”e(t), 2)

where e(t) is the tracking error, while K, K;, and K, are
the proportional, integral, and derivative gains, respectively.
Besides, A and p are the orders of the fractional integrator
and differentiator, respectively. The five tuning parameters
(Kp, K, K4, A, p) offer superior flexibility compared to the
traditional PID, however, the implementation of fractional
operators in a digital controller requires an integer-order
approximation. Therefore, the Oustaloup approximation is
adopted for digital implementation of FOPID.

B. Oustaloup Approximation

For the digital implementation of the FOPID, the fractional
operators s* (derivative) and s™A (integral) are approximated
by the recursive Oustaloup technique [23[]. This method
approximates the fractional-order operator s* by an integer-
order filter N, in a defined frequency range [wr,,wp]. The
continuous transfer function of the Oustaloup filter is

1+ s/wem
~ K, 3
s fH1+S/wpn 3)

where K, is an adjustable gain, while w, ,, and w), ,, are the
frequencies of the N, zeros and N, poles of the filter, respec-
tively. These frequencies are logarithmically distributed in
the range [wr,, wy] and recursively calculated to approximate
the frequency response of the fractional operator, as follows:

Kop = wy, C)]
Wz, = w1, (%)
Wpn =wypa, forn=1,.. N, (6)

forn=1,..,N, — 1, 7

Wz n+1 = Wp nll,

with the terms « and 7 being dependent on the frequency
limits and the fractional order v:

v/No (1-v)/No
a= (wH> and n = (wH> . ®)
wr, wr,

After discretization via the Tustin transform, each frac-
tional operator is implemented as a recursive digital filter.
Thus, the integral and derivative parts of the control action
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are calculated as the output of their respective Oustaloup
filters, taking the error e(k) as input:

I (k) = Oustaloup{e(k), bx, ax},
D,,(k) = Oustaloup{e(k), b, a,},

®
(10)

where by, ay are the coefficients for the s—* operator and
bu,a, are for the s* operator. The final discrete FOPID
control action is composed of the sum of the proportional
part and the outputs of the fractional filters:

UFOPID(k) :er(k)—‘rKiI)\(kJ)—‘rKdDu(k‘). (11)
C. RMRAC
The RMRAC structure is based on a gradient adaptation law
that adjusts the controller gains in real-time as demonstrated
in [24]. However, it is utilized exclusively the terms related
to disturbance rejection. Therefore, the grid disturbance is
decomposed into phase V;(k) and quadrature V.(k) com-
ponents. The control action for disturbance rejection is
ug(k) = —[0:(k)Ve(k)+05(k)Vs(k)], where 6,(k) and 0..(k)
are adaptive gains.

The gradient adaptation law, which updates these gains is

T:Trw(k)eo(k)
m2(k)
12)
where Ga(k) = [0:(k) 0,(k)], w(k) = [Va(k) V(R T,
is the sampling period, I' is the adaptation rate matrix,
and x is a positive constant. Besides, the tracking error is
eo(k) = r(k) — y(k). To ensure robustness, the adaptation
law includes two mechanisms: the majorant signal m?(k)
and the o-modification o (k). The majorant signal is

0a4(k +1) = 04(k) — Too(k)T04(k)

m?(k) = m3 (k) +w” (k)Cw(k), (13)
where m3 (k) is an auxiliary dynamic signal updated by:

m3(k) = (1= 80Ts)m3(k — 1) + 61 Ts (1 + [y(k)| + |ua(k))),

(14)
with o and 0; being positive design constants.
The o-modification is
0 if 164(0)]] < My
a(k) = { o (W - 1) if Moy < [|0a(k)|| < 2Mo,
o) if ||64(k)|| > 2My
15)

where oy is a positive constant.

D. The FOPID+RMRAC strategy

The developed approach consists of a complementary par-
allel control architecture, in which each one performs a
specific task. In this sense, the total control action u(k) =
upoprp(k) + uq(k) applied to the inverter is the sum of
the outputs from both controllers. Figure 2] depicts the block
diagram of the FOPID+RMRAC.

G(2)=GoZ)[ 1 +udm(z)] + pda(z)

u(k)
Wopialk) (%
“fopid
ud(k) Y (k) eo(k)
0} (e (k) () =0
i slot)| k)
mz(k)l 6,(k) ﬁ) !
VB ,+1)=0,(k)- T, oI 0(k) - T,k Too(k)ey(k)
Ve(®) m’(k)

Kye(k) + Kil(k) + KuD,(k)

FIGURE 2. Block diagram of the FOPID+RMRAC.

E. Optimization Procedure

The parameter tuning for the proposed control architec-
ture is a complex task due to the high number of vari-
ables (eleven in total), which encompass both the FOPID
and RMRAC, already considering some previous well-
established parameters of RMRAC-based controllers from
literature. Therefore, to automate and find an optimal set
of parameters, the puma optimizer [18]], PO, was employed
for this task. The PO’s objective is to find the param-
eter vector S that minimizes a given cost function (or
fitness). To do this, systematic rules were drawn, tailored
specifically for the grid-injected current controller of a
grid-tied VSI with an LCL filter. The search vector S is
S =[Kp, Ki, Kq, \, 1, No,wr, T', k,6.(0), 65(0)], where the
first five parameters belong to the FOPID, while N, and wy,
are from the Oustaloup approximation, and the last four are
the parameters and initial gain values of the RMRAC. The
search space of each parameter is limited by lower bound
(Ib) and upper bound (ub)

lb=10,1,0,0,0,1,0,1,1, -1, —1] 16

ub =[1,2,1,2,2,20,1000, 100, 100, 1, 1]. (16)
The cost function was defined as the mean absolute er-
ror (MAE), which offers a direct measure of the average
magnitude of the tracking errors. Additionally, to ensure
that the found solutions are physically realizable and safe
for the hardware, a penalty function was added to the op-
timization routine. It consists in evaluating if the maximum
control action exceeds the inverter’s voltage limits (e.g.,
|u(k)] > 500 V). Solutions that violated this constraint
received an extremely high cost value (10%), being discarded
by the algorithm. Besides, PO was configured with 30 pumas
and 500 iterations. Other controller parameters, such as
the upper frequency of the Oustaloup approximation (wg
= 77000 rad/s) and the RMRAC robustness parameters
(o9 = 0.1, My = 4,69 = 0.7, and §;=1), were kept fixed
during optimization, with values established based on the
literature of RMRAC-based controllers [[7]], [21]], [25].
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IV. SIMULATION RESULTS

Numerical simulations were performed in the MATLAB®
environment. The proposed architecture is compared with
a benchmark integer-order PI combined with the RMRAC
(PI+RMRAC), which was tuned using PO to ensure a fair
assessment. Figure [3] presents the comparative response of
grid-injected currents, control actions, and tracking errors
under three scenarios: initial transient, parametric variation
(t = 0.17 s), and load step change (t = 0.24 s). The
corresponding quantitative metrics are summarized in Table
[[l with the best results highlighted in bold. Although the
PI+RMRAC exhibits a slightly smaller overshoot during
Phase 1, the FOPID+RMRAC demonstrates superior ro-
bustness against exogenous disturbances and uncertainties.
This is evident during Phase 2, where the grid inductance
increases from 0.3 mH to 1.3 mH. In this critical scenario,
the proposed controller restricts the overshoot to 10.12%,
whereas the benchmark reaches 40.25%. Similarly, during
Phase 3, the FOPID+RMRAC reduces the settling time by
approximately 62% compared to the PI+RMRAC.

20
0
-20
“..036  0.38
. Time (s)

40 Parametric Variation (t=0.17s)

-r" yPI_yFOPID

[\
(e)

Current (A)
(e

-20 . Y f
Synchronism ~ Y ¥ ¥ ¢ ¥V P ¥ ¥ ¥ ¥l LA
40 (t=0.0015s) ‘ Load Step (t—O 24s)
0 0.1 0.2 0.3 0.4
< Fupr UFOPID Time (s)
< 2005 < 10L
o III:::III‘:::::”:::I:ll:ll:ll:::\:” :'I,I::HI:I“:
% 0 i.’:i';:':;";:::!‘.:::i!‘.:::::::':,"'::'::::':;'::::':}'.::1 5 [ Nﬂw\\f\{w
;_200 R 5-1 €preropPID
0 0.2 0.4 0 0.2 0.4
Time (s) Time (s)

FIGURE 3. Simulation results.

V. EXPERIMENTAL RESULTS

Experimental tests were conducted on a 6.75 kW labo-
ratory test bench. The control strategy was implemented
on a TMS320F28335 DSP microcontroller from Texas In-
struments. Figure [] illustrates the experimental setup. The
experimental protocol was designed to evaluate the controller
performance similar to those discussed in the simulation.
The test begins with a current reference of 20 A. At
t ~ 0.17 s, a parametric variation is induced, increasing the

TABLE 1. Performance comparison.

Category Metric FOPID+RMRAC PI+RMRAC
MAE 1.0754 2.6421
MSE 4.4886 16.4066
RMSE 2.1186 4.0505
. TIAE 0.4318 1.0584
Error metrics
ISE 1.8049 6.5719
ITAE 0.0652 0.1953
ITSE 0.2313 1.0647
Transient analysis by event
Phase 1: initial transient Overshoot (%) 3.57 1.08
(Ref: 20 A) Settling time (s) 0.0133 0.0101
. o Overshoot (%) 10.12 40.25
Phase 2: parametric Variation . .
Settling time (s) 0.0986 0.1500
Phase 3: Change of reference  Overshoot (%) 2.74 11.82
(Ref: 20 A — 25 A) Settling time (s) 0.0562 0.1494

grid inductance to simulate an abrupt weakening, changing
grid inductance from 0.3 mH to 1.3 mH. A weak grid (high
impedance) increases the risk of instability, being a suitable
test to verify the controller’s robustness. Subsequently, at
t =~ 0.24 s, a reference step is applied, raising the current
to 25 A. The nominal controller parameters are summarized
in Table 2] As the system is assumed to be balanced, the
controllers are identical for o and  coordinates.

Back view

FIGURE 4. Experimental setup used for controller validation: (1) VSI
inverter, (2) DSP, (3) LCL filter, and (4) Current sensors.

Figure [5] presents the reference tracking throughout the
entire experiment. Visually, it is observed that the controller
maintains fast tracking, even during transient events. More
detail about transient regimes are given next. The computa-
tional burden related to the controller was 16.69 us.

Figure [6] shows the tracking errors during the overall ex-
periment, where the peaks are concentrated at the disturbance
instants, with the system quickly converging to a low residual
error in steady-state. The maximum observed error in the «
coordinate was 7.40 A, while in the [ coordinate it was
20.92 A during the initial transient due to the delay relative
to the o coordinate being quickly attenuated.
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TABLE 2. Controller parameters for the o and 3 coordinates.

Parameter Value Parameter Value
K, 0.0 r 100
K; 2.0 K 100
—0.0513655
K 0.0 0o.5(0
d 5(0) l: 1.0 }
A 0.137128 No 1
“w 0.188004 wr, 28.7444 rad/s
40 T ‘
Synchronism Load Step ~Ta=Ya=T3-Ys
- (t=0.001s) (t=0.24s)
iﬂ/ 20
8
S |
£ O
5 |
@)
-20
0 0.1 0.2 0.3 0.4
Parametric Variation Time (s)
(t=0.17s)
FIGURE 5. Grid-side currents in o3.
10 ‘.
0.01 0.02 0.03
Time (s) "
20j[nitial Transient T Feoa—cod]
< I?t:h:l) 0(;;1:)5.}? ™ parametric Variation €0a ~€0p
\gg/ . (t0.17s) Load Step
g 10¢ /.7 (t=0.24s)
] : 3 : E E
en
g
=
Q
s
F

5 EGOQ *605: 5 : Ee()a -€03

0.17 0.18 0.235 0.245 0.255
Time (s) Time (s)

FIGURE 6. Tracking errors.

Figures [7and [§] detail the adaptation of the RMRAC gains.
At the beginning of the experiment (¢t =~ 0.001 s), the gains
quickly adjust from their initial values to compensate for the
real grid conditions. In each subsequent event (parametric
variation and reference step), the gains readapt to find a new

optimal operating point, demonstrating the effectiveness of
the adaptation law. If not optimized, it could result in greater
overshoots, leading to the VSI disconnection.

-0.15 -0.15 ec.a’es.a
-0.16 60,016
-0.17 - -0.17
0 005 0 1025 03 035
Time (s . Time.(s)
‘ e ‘_ec,a -Os.0
< -0.5 Initial transient Parametric Variation Load Step |
(t=0.001s) (t=0.17s) (t=0.24s)
-1t
o 01 0.3 0.4
0.16 0.18 0.2
Time (s)

FIGURE 7. Adaptation of gains in « coordinate.

_81’87 tec,ﬂ'es,ﬁ -0.18 Egc.ﬂ’gs,ﬂ
- -0.19
0.19)/" P —
0 005 01,015 i 025 03 033
Time (s) Time (s)
‘ - _ac,ﬂ‘esﬂ
055 .. . . o ]
= Initial Transient Parametric Variation Load Step
(t=0.001s) (t=0.17s) (t=0.24s)
-1t
0
-1.15
-1.164.....
-1.17
0.1 0.15 0.2
Time (s)

FIGURE 8. Adaptation of gains in 3 coordinate.

Detailing further the tracking of reference currents, at
startup (Figure [9), the controller presents an overshoot of
1.74 A (8.7%), which is a small tracking error for this critical
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event of synchronization. During the parametric variation
(Figure [I0), the system exhibits notable robustness: the
overshoot is contained at 1.99 A (9.95%), which is slightly
higher, but the system recovers it in only 29 ms. Note that,
although there is a long initial transient regime, this kind
of event will occur only a few times, being predominantly
the events of reference change and parametric variation
in practice. Notably, its performance for dealing with grid
inductance change was satisfactory.

Overshoot
1.74 A

A

40

~Ta=Ya=Tp-Yp

[N}
S

Currents (A)
o

200 Y,
Undershoot
40 ¢ -L73A ‘ ‘ 1
0 0.005 0.01 0.015 0.02
Time (s)
FIGURE 9. Grid-side currents in o3 (initial transient).
40 Overshoot o —Ya-T5-Ys
1.99 A

[}
(e}

Currents (A)
o

-20
Undershoot
400 ‘ -1.9A | | B
0.17 0.175 0.18 0.185 0.19
Time (s)

FIGURE 10. Grid-side currents in o3 (parametric variation).

Figure [IT] presents the current tracking during reference
change. In response to this event, the controller demonstrates
great agility, with a settling time of only 10.9 ms and an
overshoot of 2.58 A (10.32%). Therefore, it can be affirmed
that the controller is feasible for actuating under uncertain
grid conditions and variable current reference, for injection
of desired levels of active power.

Figure [I2] shows the current tracking at steady-state.
This zoom reveals the precision of the reference current
tracking by the measured currents in steady state. The
absence of significant oscillations and the maintenance of
a minimal residual error are observed, demonstrating the
FOPID+RMRAC’s ability to keep the system stable, with
fast current tracking, and appropriate disturbance rejection.
Harmonic content is discussed next.

Figure [I3] shows the control actions in /3 and the DC
bus voltage (V..). The maximum controller actuation was

146.68 V and 147.61 V in the a and 3 coordinates, respec-
tively. These values are well below the DC bus limit, 29.73%
and 29.52% of the available DC link voltage, respectively.
It confirms experimentally the implementation feasibility
without risk of controller saturation.

Overshoot
T AS8A,

401

~Ta=Ya~TB-Yp

[\
o

Currents (A)
o

220 Y ,
Undershoot
40 -136 A ‘ ‘ ‘ :
0.24 0.245 0.25 0.255
Time (s)

FIGURE 11. Grid-side currents in o3 at reference change.

~Ta=Ya~T3-Yp

<
a
=]
)
5
=
@]
40t ‘ ‘ ‘ -
0.375 0.38 0.385 0.39 0.395
Time (s)
FIGURE 12. Grid-injected currents in o3 (steady state).
600
400 ~Vee ~ua—ugh

Voltage (V)
[\
S

(=)

-200 : :
0 0.2
Time (s)

0.3 0.4

FIGURE 13. DC link voltage and control actions in 3.

As a complement to the analysis of the data extracted
from the DSP buffer, Figure [T4] presents the three-phase
currents injected into the grid (i, %,%.), captured directly
from the oscilloscope. The waveforms exhibit a high-quality
sinusoidal profile, with low visible distortion, confirming in
practice that the FOPID+RMRAC effectively regulates the
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grid-injected currents, even under the conditions of a real
grid with its inherent challenges.
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FIGURE 14. Three-phase grid-side currents.

Figure [I3] shows the average total harmonic distortion
(THD) of the three-phase currents in steady state, whose

12 cycle window was highlighted in the previous figure.
The individual THDs for each phase were 2.46% (phase
A), 2.85% (phase B), and 2.35% (phase C), resulting in
a mean THD of 2.55%. Moreover, all individual harmonic
components remain below the limits established by the IEEE
1547 standard. The presented figure evidences the first 50
harmonics of these currents. As can be observed, the currents
are securely inside the accepted individual harmonic limits,
validating the controller performance.
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FIGURE 15. Average harmonic distortion rate.

VI. CONCLUSION

This work presented a novel control architecture for grid-
tied inverters, combining a FOPID controller with an RM-
RAC. The developed approach ensures fast current refer-
ence tracking during reference changes and grid-inductance
variation, while ensuring robustness and disturbance re-
jection. Additionally, a systematic procedure for controller
tuning, based on a meta-heuristic optimizer was provided.
Experimental results corroborated the feasibility and fast
tracking of the FOPID+RMRAC, whose transient regime
for current reference change and parametric variation were
10.9 ms (with overshoot of 2.58 A) and 29 ms (with
overshoot of 2 A), respectively. The average THD of the
grid-injected currents in steady state was 2.55%, meeting
the requirements of the IEEE 1547 standard. Moreover, the
required voltage to synthesize the control action in « and
B coordinates were 29.73% and 29.52% of the available
voltage, respectively, which indicates securely the feasibility
of practical implementation. Therefore, the FOPID+RMRAC
is a robust controller, capable of operating with satisfactory
performance for considered application, which is common
in renewable energy systems.
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