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Abstract—This article proposes a novel control strategy for
grid-forming inverters based on passivity principles and inverse
model predictive control (IMPC). The principle of passivity-based
control is utilized to reduce the number of required measurements,
which enhances the reliability, simplifies the design, and reduces
the cost of the control system. Moreover, the proposed approach
is generalized to operate reliably even when any group of sensors
is unavailable, provided that the other three sensor groups remain
available. The sensor groups typically include inverter-side current
sensors, filter capacitor voltage sensors, grid-side current sensors,
and grid-side voltage sensors. Furthermore, the IMPC technique
is employed to control the inverter states effectively, with minimal
computational overhead. A key advantage of this approach lies in its
ability to generate optimal control signals with a reduced number
of sensors, which makes IMPC both optimal and cost-effective. The
proposed controller is experimentally validated in multidistributed
generation scenarios and is benchmarked against the conventional
MPC to demonstrate its effectiveness.

Index Terms—Grid forming inverter, inverse model predictive
control (IMPC), passivity-based control, sensorless control.

I. INTRODUCTION

HE global transition toward renewable energy systems
(RESs) has fundamentally transformed power system op-
eration paradigm to be more smart. This transition has located
the power electronics converters as increasingly vital in many
grid’s elements such as RESs, electric vehicle charging, and
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many other evolving smart grid technologies [1]. In addition,
conventional synchronous generators are progressively being re-
placed by inverter-based resources. In this context, grid-forming
(GFM) inverters have emerged as a key technology to maintain
the stability and reliability of the system [2]. Unlike grid-
following inverters, GFM counterparts autonomously establish
voltage and frequency references [3], enabling seamless opera-
tion under weak grid conditions and in islanded modes. These
capabilities are critical for the resilient future power system that
is predominantly powered by RESs.

The control of GFM inverters presents unique challenges that
have turned significant attention from academic and industry re-
search [4]. These inverters must precisely regulate the magnitude
and frequency of voltage [4]. Moreover, they must simultane-
ously ensure synchronization with other power sources in the
network [5]. In addition, proper power sharing among parallel
inverter units is critical for system stability [6]. Another critical
challenge is maintaining resilience against grid disturbances,
which is essential for reliable operation [7]. Furthermore, the
control complexity increases when considering additional an-
cillary services and fault ride-through capability [4].

The GFM inverters require numerous sensors to accomplish
these tasks effectively, especially when interfaced with LCL fil-
ters. The LCL filters are preferred over simpler LC or L filters due
to their superior high-frequency harmonic attenuation, which is
crucial for complying with grid codes and reducing electromag-
netic interference. However, the third-order dynamics of GFM
inverters introduce resonance and stability challenges, which
often necessitate additional sensors for measuring inverter-side
and grid-side currents, as well as filter capacitor voltages. The
output voltage is often approximated by the filter capacitor
voltage when the output inductance is small. However, explicit
measurement becomes important when the inductor impedance
is nonnegligible. This improves control accuracy under dynamic
and fault conditions. These multifaceted requirements often ren-
der existing control approaches inadequate or computationally
intensive, posing significant challenges for implementation on
low-cost microcontrollers. [8].

Dual loop control structures, which typically employ an inner
current control loop and an outer voltage or power control
loop, have been widely adopted in power electronic systems
due to their simplicity and straightforward implementation [9].
However, these cascaded control architectures suffer from in-
herent delays between the control loops, which can compromise
system performance under dynamic operating conditions. Other


https://orcid.org/0000-0001-6954-7192
https://orcid.org/0000-0002-8488-6042
https://orcid.org/0000-0003-4302-9367
https://orcid.org/0000-0003-3348-9140
https://orcid.org/0000-0003-2027-532X
https://orcid.org/0000-0001-8687-3942
mailto:asharida@hbku.edu.qa
mailto:akaraki@hbku.edu.qa
mailto:ahmed.kouzou@tamu.edu
mailto:ugurfesli@gazi.edu.tr
mailto:sbayhan@hbku.edu.qa
mailto:haburub@hbku.edu.qa
mailto:haburub@hbku.edu.qa
https://doi.org/10.1109/TPEL.2025.3626253

SHARIDA et al.: PASSIVITY-BASED IMPC WITH REDUCED SENSORS FOR GRID-FORMING INVERTERS

conventional linear control methods often fall short in meeting
multiple control objectives at the same time. In response to
these limitations, researchers have developed increasingly so-
phisticated control algorithms. Among the advanced techniques
proposed to address these challenges are methods such as:
sliding mode control (SMC), which offers improved robust-
ness and dynamic performance. Samanta et al. [10], direct
power control [11], fuzzy logic control [7], Lyapunov-based
control [12], passivity based control [13], and linear quadratic
trackers [14]. Each methodology offers distinct advantages and
targets specific aspects of the control problem. However, they
also exhibit significant limitations, especially when applied
to applications with GFM inverter. SMC often suffers from
chattering phenomena that can stress power electronic compo-
nents [15]. Direct power control may struggle with transient
performance during rapid load changes as it represents a single-
input single-output control system [15]. Fuzzy logic controllers
require extensive tuning, lack theoretical stability guarantees,
and lack systematic methodologies to design input—output rules
and memberships [15]. Lyapunov-based strategies guarantee the
global stability of the control system but lack the ability to
achieve optimal and a predefined characteristics. Moreover, pas-
sivity based controllers can guarantee global stability, but lacks
the ability to regulate the states in a predefined manner. Finally,
linear quadratic approaches perform well in linear systems but
its performance degrades with system nonlinearities.

On the other hand, model predictive control (MPC) has at-
tracted significant attention among various control strategies in
power electronics applications [16], [17], primarily due to its
inherent capability to handle multiple objectives and constraints
simultaneously. MPC utilizes a dynamic model to predict future
system behavior, then optimizes control actions according to a
predefined cost function. This offers exceptional advantages for
GFEM inverter applications including flexibility, optimal perfor-
mance, the ability to address multiple objectives, handle system
nonlinearities, and satisfy various operational constraints. More-
over, MPC can operate without a dedicated pulsewidth modula-
tion stage, which simplifies the control architecture. Despite its
numerous advantages, the practical implementation of MPC is
hindered by a significant challenge which is its high computa-
tional burden. This computational intensity arises from the need
to evaluate all possible switching combinations in every control
cycle to determine the optimal control action. For three-phase
inverter, there are numerous switching combinations 3N, N:
number of levels), each must be assessed through state prediction
and cost function calculation. This computational demand be-
comes prohibitive in real-world applications, particularly when
low-cost microcontrollers are used, as they are incapable of
handling such intensive processing—especially when combined
with additional GFM functionalities such as ancillary services.

The challenge of balancing computational efficiency with
control performance remains a critical concern, particularly in
GEFM inverter applications. To address this, the principle of
inverse model predictive control (IMPC) has gained increasing
attention, as it offers a promising compromise between real-time
control performance and computational efficiency [18], [19]. In
power electronics, the IMPC was first proposed in [20] for grid
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following inverters, then it was extended for various applications
such as EV chargers [21], dual active bridge converters [22], and
multiport solid state transformers [23]. However, none of the
existing studies have addressed GFM inverters, which require
more advanced control strategies due to their roles in voltage and
frequency regulation. Furthermore, these works have overlooked
the distinctive multisensor requirements of GFM inverters and
have not proposed any approaches to reduce the number of re-
quired sensors. This gap is particularly critical, as GFM inverters
rely on numerous measurements to achieve voltage regulation,
frequency control, and stable interfacing through LCL filters.

To reduce reliance on physical sensors, numerous sensor-

less control techniques have been proposed, including Kalman
filters [24], state feedback observers [25], Luenberger ob-
servers [26], and sliding mode observers [27]. However, these
methods are typically tailored to estimate specific states or sen-
sor signals, and their observer configurations must be manually
redesigned if a different set of sensors becomes unavailable. In
dynamic operating environments, where sensors are susceptible
to faults or disconnections, such inflexibility becomes a critical
limitation. This highlights the growing need for adaptive and
reconfigurable observer architectures capable of autonomously
adjusting to changing sensor availability, while maintaining ac-
curate state estimation without necessitating controller redesign.

This article proposes a control mechanism that leverages the

simplicity of IMPC along with the robustness of passivity-based
design. Due to its low computational burden, IMPC facilitates
the integration of additional functionalities, such as sensor count
reduction, without increasing algorithm complexity. In addition,
the method proposed in this work provides a flexible architec-
ture that can autonomously reconfigure itself to estimate any
missing sensor signal, without the need for controller redesign.
This adaptability makes it particularly suitable for dynamic and
fault-prone environments where sensor availability cannot be
guaranteed. This makes the approach especially suitable for
modern GFM inverter applications, where compact, reliable, and
cost-effective control implementations are essential. Finally, the
contributions of this article are summarized as follows:

1) An optimal passivity-based IMPC approach is proposed
for GFM-inverters.

2) Proposing an approach that offers a flexibility to eliminate
any sensor, whether at the grid side, within the filter, or on
the inverter side.

3) Introducing tuning-free control which features reduced
computational requirements.

4) The proposed approach can achieve multiple-objectives,
handle system nonlinearities, and is compatible with low-
cost microcontrollers.

II. GFM INVERTER DYNAMIC MODEL

The circuit diagram of the GFM inverter is shown in Fig. 1.
The dynamic model of a three-phase GFM inverter with LCL
filter contains three controlled states, grid side current (3,), filter
capacitor voltage (v.), and inverter current (¢;). These states are



6198

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 4, APRIL 2026

LCL Filter Line Impedance

b¢r  LCLFiter  Linelmpeda
+ SH%} 83#% Ss*@ R, L Ry L Vo1 vgg R, L,
-+ A O e AT ———— AN ST oo —— AT
T Vie,1 C ¢ w . : oo — AT
- Sz - S4‘| S(," v . é T . Cf v PCC e
'% '% i1 : Vc,l% é § i Lo Vol
s—— S T e 5 PCC
DG?2 LCL Filter Line Impedance
+ SH%} SH% Ss*% R, L, R, L, Vo2 gE Rin Lim
—4 A o o AT —p—————AM T o—o—+AATI
L B ® WW T i 0O — AT
T Vde.2 C w - ; —{o—oO ANV TTBN
-‘7 T . # SAK % ".¢ i | %i 3 A A —
12 i Ve,2 H ZOZV(),Z
Fig. 1.  Circuit diagram of GFM inverter with LCL filter.
regulated through inverter’s voltage (v;) as follows [28]: where
% _ —Riii B ivc n ivi (1) tia(k) i 8(k) ‘
dt L; Ly Li z(k) = |vealk) vep(k)| € R**2
dve _ i% - Lio ) ioa(k) iop(k)
dt Cf Cf AT
A =™
dip 1 Ry 1 5
dt L, L,° IL,° By = A" (A — I3.3)B
where I; and L; are the resistance and inductance of the input Cr = A™H(Ag — I3,3)C. 9)

inductor, R, and L, are the resistance and inductance of the
output inductor, C/ is the capacitance of the LCL filter, and v,
is the output voltage after the filter.

Equations (1)—(3) can be written in the vector form as follows:

T = Ax 4 B o + Coap 4
T . .

Ve,a io,aﬁ:| , & is the

derivative of the state vector, and the A, B, and C are the input

and output matrices and can be represented by

where x is the state vector [ii’aﬁ

-
- -z, 0

_ 1 _ 1

A=z 0 -7 ()
f1
L;

B=1]0 (6)
_0
[0

C = 0 . (7)
_ 1
L L,

Equation (4) can be discretized using Du Hamel integral
approach [29]

x(k+1) = Agx(k) + Brvias(k) + Crveas(k)  (8)

III. PASSIVITY-BASED STATE ESTIMATION DESIGN

This section presents an adaptive approach for estimating the
complete state vector of the system given any three measurement
vectors. The full measurements vector (z;) to be estimated is
defined as

T
= [ii,aﬂ Ve,ap Z.o,ozﬂ Uo,a[i:| € R2, (10)

The estimation procedure assumes that any three of these four
measurement vectors are available at any given time. Depending
on which three measurement vectors are available, different
estimation equations for the missing vector are derived.

First, if v5, a8, %0,a3, and Ve q 5 are available, the input current
1,08 can be estimated as [28]:

lisap = fo,a8 — WgCrJc,ap (1D
where J is the skew matrix and is given by
0 -1
J = . 12
o 1)

Second, if v, 3, %08, and i; o are available, the capacitor
voltage v, can be estimated as

13)

Ve,af = Vo,aB — ngaJioya/j.
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Third, if vy a8, Ve,08, and i; o3 are available, the output
current 7, o3 can be estimated using
~ 1
i =
o,a3 WgLa

I (V0,08 = Ve.ap)- (14)
Finally, if i, 08, Vc,ag, and i; o3 are available, the output
voltage v, g can be computed by

{)o,aﬂ = Vc,ap + ngoJio,a,B- (15)

To create a complete and consistent state estimate, an avail-
ability indicator matrix (C;) is introduced that selectively com-
bines measured and estimated values as follows:

T
C:L’ = [Cii Cyc  Cio Cvo} , Ci € {0’ ]'} (16)
where each c; indicates whether the corresponding measurement
vector is available (¢; = 1) or not (¢; = 0). The values of ¢;
can be dynamically set based on sensor fault detection and
localization techniques, as discussed in [30].

Finally, the estimated state vector can be explicitly presented

as

2(k) = Cypoz(k) + (1ux1 — C) © Zewt (17)

where Z.; represents the estimation results obtained from (11)
to (15), and Z is a vector combines the known measurement
vectors combined with the estimation of the unknown one. The
symbol (o) refers to elementwise scalar-vector multiplication,
and 1441 is vector of all ones.

However, a key limitation of this approach that it assumes
accurate knowledge of system parameters L,, L;, and C'y. How-
ever, in practical applications, these parameters often contain
uncertainties due to manufacturing tolerances, temperature vari-
ations, and aging effects. A straightforward approach to address
parameter uncertainties is the online estimation correction based
on the error between the available measurement vectors and
their estimates. The key insight is that parameter uncertainties
affect both the known and unknown vectors in a systematic
manner. This allows the error patterns of available measurement
vectors to improve the accuracy of the estimation. Therefore,
passivity-based control is proposed to regulate the convergence
of estimation error.

Using (10), the dynamic model of (8) can be converted into
an augmented state-space model as follows:

2(k+1) = Au(B)2(k) + Bo(k)vias(k)  (18)
with
A, C B
A(k) =" " Ik] . B.(k) = [ 0’“1 .19
Let e, (k) represents the error of z(k) estimation,
e.(k) = C o (2(k) — 5(k). (20)
Accordingly, the error at the next time step is given by
er(k+1)=Cpo(z(k+1)—2(k+1)). (21)
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For the estimated measurement Z to be an equilibrium point
(z(k) = Z(k)) under the control input v; 4, the following con-
dition must be satisfied:

2k +1) = As2(k) + Bovias (k).

To ensure this condition will be satisfied, define a storage
function (discrete-time energy function) as follows:

(22)

1
He,) = §GZI4><462

where 1.4 is 4 X 4 identity matrix. Then, the change in error
energy between two consecutive time steps is

AH(k) = H(e-(k +1)) — H(ez(k))

(23)

(24)

1 1
= aez(k‘ + 1)TI4><4€Z(]€ + 1) — §€z(k)TI4X4€z(k‘).
(25)

To ensure the system’s energy decreases over time, add the
damping injection as a correction signal () to the estimation
process as follows:

Z2(k+1) = A.2(k) + B.v; ap(k) + .

Substituting (26) into (21), the dynamics of the estimation
error becomes

(26)

e.(k+1)=A.e.(k)—C. 27
Let the damping rejection signal ( to be defined as
¢ =K.e.(k) (28)

where K, is a feedback gain matrix. After substituting the
damping rejection signal, the energy function becomes

AH (k) = %Cm(z(k) — 2(k)) "

((Az - KZ)TI4><4(AZ -
Ca(z(k) — 2(k)).

To achieve the passivity condition, the energy of the error
must be decreased with respect to a specific supply rate. The
supply rate is selected to be the product between the system’s
input and output. Where the input of the observer is the applied
damping signal (¢ = K.e,(k)), and the output is the estimation
error (e, (k)). Let the supply rate (Sg)to be defined as

K.) — Iyxa) *
(29)

Sr=uly=Ce.(k). (30)
The passivity condition becomes
AH (k) <= Sg. (31)
Therefore,
1
iez(k)T ((Az - KZ)TI4><4(AZ - Kz)
—Iyxa) €2 (k) <= Cez(k). (32)

After some mathematical manipulation of (32), K, must
satisfy the following inequality to ensure dissipativity:

(A, — K)T114(A, — K,) — K, <= I4.4. (33)

1
2
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Fig. 2. Control block diagram.

Finally, the updated estimation vector (Z,pdaeq) can be defined
explicitly as
Cy) 0 Zest + K.e,(k).

2updated =Cpoz, + (14><1 - (34)

IV. PROPOSED CONTROL APPROACH

The proposed control block diagram is shown in Fig. 2. It
consists of two subsystems including reference signal genera-
tion and IMPC for states regulation. These subsystems will be
discussed in the following sections.

A. Reference Signal Generation

The operation of GFM inverters is typically governed by a
combination of control strategies, such as droop control, fre-
quency restoration, and virtual impedance, which collectively
enable decentralized operation, proportional power sharing, and
system stability.

Droop control is a primary mechanism that enables au-
tonomous load sharing among parallel inverters without requir-
ing communication links. This can be achieved by adjusting the
inverter’s frequency and voltage based on deviations in active
and reactive power from their respective setpoints as follows:

w* = wnommdl kP(P P*)
U;,droop = Uo nominal kQ (Q Q ) (35)
where wiomina a0 U 1oming Tepresent the nominal frequency and

voltage references, Pand @ are the measured active and reactive
output powers, P* and Q* are their respective setpoints, and kp,
k¢ are the droop coefficients that determine the sensitivity of
the response and how the power is shared proportionally.
However, standard droop control results in steady-state fre-
quency deviations as a result of its open-loop nature. To miti-
gate this, a secondary control loop is introduced for frequency
restoration to offset the generated frequency reference w* from

Awlﬁes = kP (w - w;lkominal) + kl /(w - wlﬁominal) dt. (36)

In this expression, kp and k; are the proportional and integral
gains. This mechanism ensures that the frequency deviation is
eliminated over time, which enables the system to restore its
nominal operating frequency.

Furthermore, virtual impedance is incorporated to emulate
desirable impedance characteristics at the inverter’s output. This
is essential for improving stability margins and ensuring equi-
table power sharing among parallel inverters with different line
impedances. This action can be achieved as follows:

UZ - Uo ,droop — Zvin : io (37)

where, v} is the final voltage reference used for modulation,
Zyire 18 the virtual output impedance (commonly expressed as
R+ jwlL), and i, is the inverter output current. These three
strategies—droop control, frequency restoration, and virtual
impedance—are integrated to generate robust reference signals
for frequency and voltage. These references are then tracked
precisely by the IMPC.

B. IMPC Design

In GFM, only inverter current (i; ,g) has a direct relation
with control signal (v; ). Therefore, the reference voltage
is first transformed into output current reference (ii,a 8)s then
into capacitor voltage reference (v , 3), and finally into inverter
current reference (i; ,3). Starting from the active and reactive
powers (P and Q), they are represented as

P(k+1)=15[vo,a(k+1)isa(k+1)

+’UO75(1€ =+ 1)2@/3(16 + 1)] (38)
Qk+1) =15, p(k + 1)ipa(k+1)
~Vo.0(k + V)ip (k +1)]. (39)
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By solving (40), the unsaturated output current reference
(I, ,5) can be obtained by

o
2 Pvg o+ Q- v

*

(40)

3wkt
X 2 P-v,—Q- v,
By o =3 (41)

*2 *2
Vpla T Vo8

However, it is crucial to achieve current limiting during crit-
ical situations in GFM applications [31]. Therefore, saturated
reference current components can be written as

\/i : 7:o,max |\I;kya

i*
o) = min | 1, ———20% °
lo Visa+iz | Lo

Using (42), the reference capacitor voltage is obtained by [3],
(8], [28]

] L))

ok -k
Voo = Voo — Wolols

(43)

Then, based on (43), the reference capacitor voltage is then
transformed to the inverter side current by

* ok %
Ve g = Uy g+ wWyLoly o

Yia = loa ™ wgcfvc.ﬂ

it =i+ wWgCrvy o (44)

It is worth noting that the w-coupling terms in (43) and (44)
arises from the time derivative of sinusoidal o5 components.

As all references are generated, the IMPC can be designed by
introducing a multiobjective cost function. The general formula
of a GFM cost function can be represented by

9= (i} 0p —iiap(k + 1) + (Vi ap — veap(k +1))°

+ (15 05 — Go,ap(k +1))2. (45)

The weights in the cost function are set equally to prioritize
all controlled states uniformly and simplify controller design by
avoiding complex tuning. Alternative weighting schemes can
be applied systematically to balance performance tradeoffs, as
shown in [32].

The objective of the IMPC is to minimize g to fulfill the
GFM control requirements. The most optimal value of the cost
function is g = 0. This value can be achieved if

Z:,a,ﬁ ~~ Z'q;,aﬂ(k} + 1)

vZ,ag ~ Ve ap(k+1)

i:;,ozﬁ ~ io,aﬁ(k + 1) (46)
These conditions can be represented in vector form as
i;‘k,aﬂ
z(k+1)=2a"= |v} .5 (47)
iz,aﬁ

Then, substitute (47) in (8), the state space representation
becomes

2 = Apz(k) + Brvi ap(k) + Crvo ap(k). (48)
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Equation (48) can be written as a function of the control signal
as follows:

Viap(k) = Byt [a* — Apa(k) — Crvo,ap(k)] . (49)

However, the challenge in this stage is computing B,;l. B,;l
is required to enable the IMPC to optimize the control signal,
but kal is not square. To overcome this design step, the inverse
vector is approximated using Moore—Penrose pseudo-inverse as
follows [33]:

B.'=BIB) "B (50)

Although (50) contains matrix operations which require high
computational burden, By, is constant. Therefore, B, 1is con-
stant too, which means B,;l can be computed offline and located
numerically in (49). Based on (49) and (50), the formula of the
IMPC becomes

Viap(k) = (BEB) ' Bl [2" — Aga(k) — Cyvo,ap(k)] (51)
and for sensorless control, the IMPC formula becomes

Viap(k) = (BEB) ' Bl [z — Aki(k) — Cto,ap(k)] (52)
where #(k) is a subset vector of Z(k), and given by

%i,aﬂ
ﬁc,aﬁ (53)
Z'o,ozﬁ

From (52), it can be noticed that the output voltage regulation
and current shaping are simultaneously achieved within a unified
predictive control law. This eliminates the need for explicit
current reference generation and separate tracking loops, thereby
simplifying the control structure and avoiding loop interaction
issues. In addition, the proposed single-loop IMPC inherently
incorporates the full LCL filter dynamics in its prediction model.
As a result, the control action directly considers and damps
the resonance modes without relying on auxiliary damping
controllers or bandwidth separation. Furthermore, the absence
of cascaded loops eliminates additional control delays, which
ensures a fast and coordinated response that enhances overall
system stability.

V. STABILITY ANALYSIS

To analyze the stability of the proposed control approach,
substitute the control law (51) into the system dynamics (8)

Z‘(k + 1) = [Ak — Bk(BZBk)ilBZAk] 3}(/{;)
+ [I — Bu(BEBy,) ' Bl] Cyvo,ap(k)
+ Bp(BF By) ' Bl . (54)

For simplicity, let M = By (B[l By) ' B}, then the closed-

loop system can be simplified to
z(k+1) =T — M)Agz(k) + (I — M)Crvoap(k) + Ma™.
(55

To analyze asymptotic stability, a special focus on the homo-
geneous system is considered by setting both the reference and
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the external input to zeros. This simplifies the system to

' =0, voas(k)=0. (56)
This leads to the following homogeneous system:
z(k+1)=(I— M)Arz(k). &7

The homogeneous system is asymptotically stable if the state
x(k) converges to zero as k — oo. This occurs if all eigenvalues
A; of the matrix (I — M)Ay, satisfy the following conditions:

] < 1. (58)

The eigenvalues of (57) are obtained by sweeping the pas-
sive parameters L;, L,, R;, R,, and C for a wide range. The
inductors are swept in the range 1 to 10 mH, the resistances
are swept in the range 10 m$2 to 0.1 €2, and the capacitance is
swept between 10 to 50 p /" and the eigenvalues are collected and
plotted inside a unit circle as shown in Fig. 4. It can be noticed
that all eigenvalues are located inside a unit circle which satisfies
|;] < 1, thus, the system is asymptotically stable.
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Fig. 5. Experimental microgrid setup with two DGs.

TABLE I
PHYSICAL PARAMETERS USED IN THE EXPERIMENTAL SETUP

Components DG DG2
Input Inductor L; 28 mH | 2.7 mH
DC Resistance of L; 0.2 Q
Filter Capacitor C'y 25 pF
Output Inductor L, 09mH [ I mH
DC Resistance of L, 0.15Q
Impedance Line Resistance Rjjye 1Q | 1L.1Q
Impedance Line Inductance Lijj,e 0.16 mH
DC Voltage Source 250 V
Rated power 4kW [ 3kW

VI. EXPERIMENTAL RESULTS

The proposed control algorithm is implemented on the OPAL-
RT OP5600 to control a two-DG microgrid. Each DG consists
of a three-phase two-level inverter powered by a dc supply.
Each inverter is connected to the ac bus through an LCL filters
followed by an RL line impedance. The experimental setup is
depicted in Fig. 5, and the system parameters used are listed in
Table I.

The controller is then tested under four sensorless scenarios,
as shown in Fig. 6. These scenarios include: a) capacitor volt-
age sensorless control, b) output voltage sensorless control, ¢)
output current sensorless control, and d) input current sensorless
control. In the first three cases, the controller maintains perfor-
mance nearly identical to the fully sensored configuration, and
achieves excellent voltage and current regulation. However, in
the absence of input current measurements, the quality of the DG
currents degrades, and power sharing becomes inaccurate. This
degradation occurs because the input current is the only variable
that has a direct relation to the computation of the control signal
Vi,a3-

Despite this limitation, sensorless input current control re-
mains valuable in the context of fault-tolerant operation. In prac-
tical applications, sensor faults are common and can compromise
system stability if not handled appropriately. The proposed
control strategy demonstrates a high degree of robustness and
adaptability in degraded sensing conditions. Specifically, in the
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first three sensorless scenarios, where capacitor voltage, output
voltage, or output current measurements are eliminated, the
controller continues to deliver excellent dynamic and steady-
state performance, nearly identical to the fully sensored case.
This confirms the effectiveness of the passivity-based design
in minimizing sensing requirements without sacrificing control
quality. Even in the most challenging case, where input current
measurements are unavailable, the system maintains stable op-
eration, though with some degradation in current quality and
power sharing.

Nevertheless, from a design and cost-optimization perspec-
tive, it is recommended to retain the input current sensors
while eliminating any of the other sensor groups, such as
the capacitor voltage sensors, output current sensors, or out-
put voltage sensors depending on the specific application
requirements.

Fig. 7 shows the response of the proposed control technique
with the absence of v, measurements and the passive parameters
(L;, Cy, L,) has 10% uncertainty. The uncertainty is intention-
ally added to the parameters by multiplying each parameter
by 0.9 inside the control and observer loops. The results show
that the response maintains sinusoidal currents, and around zero
steady-state error. This validates the robustness of the proposed
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These results demonstrate that PB-IMPC guarantees optimal
control performance comparable to conventional MPC, while
significantly reducing the computational burden. This efficiency
gain enables the integration of additional functionalities, such
as sensor fault tolerance, adaptive control, or multiobjective
optimization, without increasing the overall control complexity
or processing demands. Thus, PB-IMPC offers a more scalable
and cost-effective solution for real-time inverter control in mi-
crogrids.

The average computational times of the IMPC and state ob-
server were measured over 1000 cycles, yielding tpypc = 1.2 s
and tgage-observer = 1.16 us, respectively. The total computational
time for the combined algorithm is ¢, = 2.36 ps. Compared
to the conventional MPC, which required typc = 8.6 us, the
proposed IMPC reduces the computational burden by approxi-
mately 3.5 times.

VII. CONCLUSION

This article proposed a novel control strategy for GFM in-
verters that integrates passivity-based design with IMPC. The
proposed approach reduces sensing requirements while main-
taining high control performance, hence simplifying system
design, enhancing its reliability, and lowering the overall cost.

Experimental results carried out in a two-DG microgrid
demonstrated that the proposed controller maintains excellent
performance even when any one group of sensors is removed,
such as the capacitor voltage, output voltage, or output current.
Under these sensorless conditions, the system continues to ex-
hibit stable operation, accurate current control, effective voltage
regulation, and proper power sharing, closely replicating the
performance of the fully sensored configuration.

However, when input current measurements are removed,
although the system remains operational, current quality dete-
riorates and power sharing becomes inaccurate. Nevertheless,
the ability to sustain operation under such conditions highlights
the fault-tolerant nature of the proposed controller, making it
particularly valuable for mission-critical or remote applications
where sensor failures may occur.

Overall, the proposed method provides a robust, computa-
tionally efficient, and cost-effective solution for GFM inverter
control.
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