Electric Power Systems Research 258 (2026) 113080

journal homepage: www.elsevier.com/locate/epsr

Contents lists available at ScienceDirect

Electric Power Systems Research

ELECTRIC
POWER
\ SYSTEMS

RESEARCH

Check for

Model-free predictive control of grid-tied inverter for reducing the current | %

effect of common-mode voltage

Majid Akbari?, S. Alireza Davari

Freddy Flores-Bahamonde 2 ¢, Jose Rodriguez (2"

2 Shahid Rajaee Teacher Training University, Lavizan, Tehran, Iran
b Universidad San Sebastidn, Santiago, Chile
¢ Universidad Andres Bello, Providencia, Santiago, Chile

a* Reza Ghandehari

2 Mahdi S. Mousavi®P®,

ARTICLE INFO ABSTRACT

Keywords:

Common-mode voltage (CM voltage)

Leakage current (LC)

Model predictive control (MPC)

Model-free predictive current control (MFPCC)
0dd virtual vector (OVV)

One of the solutions to reduce the magnitude of the leakage current in transformer-less photovoltaic systems is to
minimize the common-mode voltage (CM voltage) fluctuations modulation-based modification. The modulation-
based modification methods increase the grid current’s steady-state total harmonic distortion (THD). Predictive
control has been demonstrated to perform a viable approach for achieving more rapid and precise control. Finite
set model predictive control can add extra terms for leakage current reduction. However, the system model’s

uncertainties and the grid voltage’s unknown effects create some challenges in actual cases. In this context, a
model-free methodology is proposed to estimate the grid current. Also, a new part is added to the observer to
predict the leakage current. Subsequently, odd virtual vectors are integrated into the candidate vectors to mitigate
CM voltage. Additionally, three optimal vectors are chosen to construct the reference voltage. The experimental
results have validated the proposed method.

1. Introduction

Photovoltaic (PV) systems grid-tied transformerless have advantages
such as cost-effectiveness, lower weight and size, easier expansion, and
higher efficiency. The grid-tied inverter is the main part of these systems
and its control technique plays an important role in its stable power
delivery [1]. However, due to eliminating the galvanic isolation be-
tween the DC source and the grid, significant leakage current in such
systems is an important challenge [2]. In a grid-tied transformerless
system, inverter operation in high-frequency switching states creates a
common-mode voltage (CM voltage) with high fluctuations. The cause
of leakage current in such systems is also the CM voltage. The leak-
age current in a transformerless PV system flows toward the ground
through stray capacitors between the PV array and the grounded PV
frame [3]. The leakage current presents challenges such as electromag-
netic interference, increased line current distortion in grid-tied systems,
system losses, and safety hazards [4]. Hence, it is imperative to conduct
additional research to develop solutions for minimizing leakage cur-
rent and CM voltage fluctuations in grid-tied transformerless systems.
Generally, two solutions have been proposed to reduce the intended
challenges in the literature [5]: solutions based on modifying convert-
ers’ structures (structure modification-based) and change in modula-
tion (modulation-based modification). Structure modification-based so-
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lutions require structural changes that increase implementation com-
plexity, size, cost, and power loss [6,7]. The advancement of processing
power and peripherals of digital signal processors (DSP) has led to the
preference for using modulation-based modification solutions without
increasing cost and complexity in implementation. For example, tech-
niques such as active zero state pulse width modulation (PWM), re-
mote state PWM (RSPWM), and near state PWM are classified within
the category of modulation-based modification methods [8-11]. Using
the RSPWM strategy in the controller of the voltage source inverter (VSI)
creates limitations in the system. Still, it is the only method that can fully
stabilize CM voltage. Some studies have also proposed the simultaneous
use of modulation-based modification and structure modification-based
methods in converters. In [12], using only odd voltage vectors (OPWM)
and with a slight change in the structure of the grid-connected quasi-
Z-source inverter, the CM voltage has been kept entirely constant, and
the leakage current in the desired photovoltaic system has decreased
significantly. In [13], a combination of modulation-based modification
approaches and a change in the circuit structure of a conventional VSI
are presented to reduce CM voltage fluctuations and double the DC link
voltage. A modified three-phase impedance source inverter with a slight
change in its control method is proposed in [14] to reduce the CM volt-
age fluctuations as well as the capability to enhance and improve the
output voltage. Also, in [15], the CM voltage fluctuations in a four-leg
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inverter have been reduced, similar to the approach presented in [16].
It should be noted that the complexity of the hardware system has in-
creased in all the above suggestions.

Implementing modulation-based modification methods requires cur-
rent and voltage controllers to manage the switching in order to achieve
the control goals. These controllers in transformerless inverters are usu-
ally based on traditional controllers such as proportional integral, pro-
portional resonant, and proportional integrator derivative, all of which
have inherently low dynamic responses [17,18]. In [19], an improved
control method is applied by using the discrete model of the inverter.
It optimizes the phase of the carrier signal based on the zero sequence
current injection. In recent years, with the rapid development of DSP,
novel control architectures featuring a swift dynamic response, multi-
objective control capability, and simple implementation have become
popular. Model predictive current control (MPCC) has been gradually
developed in power electronics [20-22]. As is well-known, the MPCC
method explicitly uses the system model to predict the future behavior
of the control variable. In spite of the mentioned advantages, uncer-
tainty and parameter mismatches are a challenge for the model predic-
tive method. Unforeseen load changes, component aging, temperature
variations, and grid voltage fluctuations are examples of uncertainties.
This issue degrades the prediction and the whole control system [23].
Robust predictive control methods are one solution for this challenge
[24,25]. In recent years, the model-free predictive current control (MF-
PCC) approach has been proposed as a robust control method in facing
the inherent uncertainties of the system model. Generally, approaches
such as auto-regressive with exogenous variable (ARX) model, recur-
sive least squares (RLS), ultra-local model, and learning-based are used
to predict the future behavior of the control variable without using a
physical model of the system [23,26-29]. The predictive controller’s
performance has improved by using the ARX approach as a disturbance
estimator and combining it with the typical prediction model under un-
certainty in the system model. However, we can see the dependence of
this method on the detailed model of the desired system. Adaptation of
model parameters by the RLS approach is done to estimate the future
behavior of the control variable [28]. However, the versatility of the
desired approach with the configuration of different systems is consid-
ered a limitation and is not straightforward. In [30], the output current
of a VSI is controlled by the MFPCC method, which is the RLS algo-
rithm used to find the parameters of a generic ARX model. In [31], the
model-free deadbeat predictive current control approach based on the
proposed idea [32] is used to control a VSI with RL load [33-36] pro-
poses predicting and estimating the system’s future behavior using an
ultra-local model structure based on the extended state observer (ESO),
significantly reducing the controller’s dependence on the system model
parameters. In fact, the ESO configuration in the ultra-local model ap-
proach is such that it estimates the total disturbances and uncertain-
ties as one of the system state variables [37-39]. Learning-based meth-
ods such as online learning predictive control, reinforcement learning,
deep reinforcement learning, predictor neural networks, artificial intel-
ligence, and artificial neural networks are less sensitive to uncertainties
and the system’s physical structure. Still, they have high execution and
training times [40-44]. In [45], a combination of data-driven and gen-
eralized extended state observer is proposed to reduce the identification
process.

This research addresses the challenge of CM voltage fluctuations
and leakage current without increasing the grid current’s THD. Also,
the uncertainty of the parameters and the grid is addressed via the
model-free predictive control. Almost all modulation-based modifica-
tion techniques are such that without the simultaneous use of the struc-
ture modification-based approaches, they significantly increase the THD
of the injected current into the grid. This challenge is due to reducing the
number of switching voltage vectors. The approach of quasi-odd volt-
age vectors based on the model-free method has been used to increase
the number of switching voltage vectors simultaneously, reducing CM
voltage fluctuations, leakage current, and grid current THD. The pro-
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Fig. 1. Grid-tied transformerless PV system, the leakage current path, the stray
capacitances.

Table 1
CM voltage in VSI.
Group  SwitchingStatus  Vector Vem/Vae
1 000 v, 0
2 100,010,001 Vi V3. Vs 1/3
3 110,011,101 VoV Vs 2/3
4 111 v, 1

posed method is independent from the grid voltage, resistance, and in-
ductance. Therefore, a robust and efficient approach is achieved. The
important contributions of this research are summarized below:

1. Including the leakage current predicted by the ultra-local model in
the cost function

2. Adapting model-free predictive control in a grid-tied converter with-
out the presence of grid voltage in the prediction model.

3. Using finite quasi-odd voltage vectors, set based on the MFPCC, as
a systematic and robust approach to achieving complete CM volt-
age stabilization and reducing leakage current without current THD
increase.

4. Adjusting the model parameters according to the grid uncertainty
using an analytical method.

2. Mathematical analysis and modeling
2.1. The CM voltage and leakage current in VSI

Fig. 1 shows the path of the leakage current through the solar pan-
els’ stray capacitors (C,,) and the ground resistance (R,,) in a grid-tied
transformerless system. The C,, value varies in the 50< C,,< 200 nF/kW
range. According to Fig. 1, the CM voltage in the desired transformerless

system is defined as follows [4]:

1 1
VCM:§ Z VxNZE(VaN"'VbN"'VcN)
x=a,b,c (1)

= V;" (S, +85+.55)

which V5 = S| Vg, Vyn = $3V,. and V.5 = S5V, are the output
voltages of each phase of the desired inverter. From (1), it can be con-
cluded that different switching states directly influence the CM voltage
fluctuations. Table 1 shows the value of CM voltage for different switch-
ing states. The values of CM voltage for applying the vectors of each
group indicate that its waveform fluctuates with different levels in a
switching period. The equivalent circuit of the leakage current route of
the discussed system is shown in Fig. 2. According to the equivalent cir-
cuit, the leakage current caused by the CM voltage and route impedance
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Fig. 2. The equivalent circuit of the leakage current route.

at a frequency of w, can be defined as follows:

. 1. 1
Zleakage(lwk) = g(ja)k L/- + r/-) + Z_]w—](CM + Ret (2a)

Vem 2b)

i =¥
leakage N
Zleakage(lwk)

If w,’s harmonic is part of the CM voltage, then that harmonic will affect
the leakage current due to the route impedance. The route’s impedance
at zero frequency is theoretically infinite, and it can be assumed to be an
open circuit. Relation (2b) states that the amplitude of CM voltage also
affects the leakage current. Therefore, a control approach that produces
smaller CM voltage amplitude and fluctuations is preferred. According
to (2b), a DC common-mode voltage will reduce the leakage current.
Therefore, only odd vectors are viable candidates to maintain a constant
CM voltage and minimize the leakage current, unlike the complete set
of feasible vectors used in conventional methods.

2.2. Conventional and remote state MPCC

MPC depends on selecting the optimal voltage vector via a cost func-
tion. Thus, a predictive relationship for future control variable behavior
is needed. The inverter’s output current dynamics in continuous-time
are described by this vector equation:

’
%(ia,ﬁ = —L—’;ia,; + Ll—f (Vap = Viap) &)
where i,5, v,5, and V,,,; are the injected current into the power grid,
output voltage of the inverter, and grid voltage vectors in Fig. 1, respec-
tively, in the af frame. The predictive model for controlling the injected
current into the grid at the sampling instant (k + 1) for all the values of
the output voltage vectors of the inverter is defined as follows:

) Tr\. 1
zﬁﬂm = (1 —tSL—f ing, + tsL—f (vaﬁk - Vm,,k) O))

In (4), the predicted variables are marked with the superscript p, and
t, is the controller sampling time.

There is a discrete set of solutions for the inverter voltage (7,5). A
cost function selects the optimal voltage vector applied to the inverter
based on the minimum predicted error.

@[+ |5 - © ®)

where s is the voltage vector candidate. In the remote state MPCC, the
voltage candidates are limited to the fixed CM voltage switching states
[101.

s € {11, V3, V5) (6)

— | iP
s) =it —i
8(s) L7

While this method enables precise control, its dependence on phys-
ical model parameters and substantial current ripple are notable draw-
backs.

3. Proposed model-free technique
3.1. Proposed leakage current reduction method
Though using the odd vectors should result in a zero leakage current

because the CM voltage is constant, practical experiments show that un-
certain values cause a tiny fluctuation in the leakage current. If the grid
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voltage and the impedance of the leakage current path have uncertain-
ties, as below

I/Sa = an + AI/H (7)
V=V + AV, (8)
VSC = VSL’ + AI/C (9)

where AV is the grid voltage uncertainties, and V, is the certain part of
the grid voltage. On the other hand, the leakage current can be written
by the following equation based on the circuit in Fig. 2.

VimVan =Via  VimVon =V Vi=Ven = Vic

sa

i oak = 10
Heak Zf Zf Zf ( )

where V, = Z, i,
Van +Vin+Ven
3

By defining V), = - , and considering that V,, + V,, +

V,. = 0, the following equation can be obtained:

(AV, + AV, + AV,)

3 +Vem a1

IR
(Zeq - T)lleak =

zZ . . .
Iz, >> Tf is accepted, and the uncertainty AZ is added to Z,,, the

leakage current would become the following equation instead of (2b).

AV, + AV, + AV,) /3 + Ve

12
Z+AZ 12

ileak =

Note that if the method only applies the odd vectors, the CM voltage
in (12) is constant and does not affect the leakage current because of the
capacitive entity of the leakage path impedance. However, the fluctua-
tion of the DC link voltage, and the dead-time effects are still inevitable.
Thus, the leakage current can be written in the following form.

(AV, + AV, + AV,)/3+ AV Ny /3
Z,+AZ

ileak = (13)
where AV;yy considers the the DC side voltage fluctuation, and the
uncertainty caused by dead-time.

To reduce the leakage current as much as possible, the cost function
of the proposed method is modified as below:
i - fﬁm(s)) + [Frear (9] 14)

_|ix _
8(s) = iz, =, )] +

3.2. Proposed model-free current prediction

It can be seen from (4) and (12) that the prediction models consist of
uncertain values for the grid impedance and the grid voltage value. The
model-free technique lumps all uncertainties into a distortion value, F.
Then, a disturbance observer is needed to estimate the lumped distur-
bance. The disturbance observer has been widely applied to predict the
current in drive application [34].

This research proposes a modified form of disturbance observer to
simultaneously predict the grid current and leakage current. If all uncer-
tainties of (13) are lumped as £}, and a first order difference equation
is considered for (13), the following ESO can be used as an ultra-local
model to predict the leakage current.

f“/}kﬂ = i(lﬂk + tS(FlXﬂk T Vap, = b eaﬁ) (15a)
Faﬁkﬂ = Faﬁk — 13 By f(eap) (15b)
fleukkﬂ = aZFIeakk+1 —tsB3€eak (15¢)
131e¢z/c,(Jrl = ﬁleakk — 15 P2 €ear (15d)

where F,; is the disturbance of the difference equations of the grid
current. F), , is that of the leakage current. «;, a,, f;, f,, and f; are the
local parameters. The last two equations of this model are the novelties
of the proposed model. Note that the applied observer for the leakage
current is a first-order one, while (2b) shows that the leakage current



M. Akbari et al.

Electric Power Systems Research 258 (2026) 113080

i
— (D)=

id Current)

a

> ’
Zle(zkk+1 1

0
A
pe
i

. +

\ T
leaky. ( )_
= “i

T
]

]

L}

]

L}

: Delay (Dd] |

1 Efak;
]

]

\

ESO (Leakage Current)

o

Fig. 3. Block diagram of the proposed observer.

flows in a second-order circuit. However, the effect of the capacitor is
dominant in this circuit, and a first-order observer works properly.
The errors are calculated as shown:

€ap = lap — lap (16a)

Cleak = tleak ~ Z ixk

x=a,b,c

(16b)

The block diagram of the ESO used in this paper is depicted in
Fig. 3. The complete suggested algorithm is implemented as illustrated
in Fig. 4. The voltage vector candidates indirectly affect the leakage
current by the estimated grid current.

3.3. Applying virtual-odd-voltage vectors method

Based on (2b), a DC common mode voltage will effectively reduce
the leakage current. Therefore, the CM voltage remains constant if the
vectors of group 2 are applied as finite set candidates in the predictive
method. The drawback of this method is that it reduces the number of
candidates, which deteriorates the THD of the grid current.

A solution for this issue is using virtual voltage vectors. Fig. 5 shows
the concept of virtual odd vectors. As shown in Fig. 5(a), in this method,
the switching interval is divided by three. Each time portion contains an
odd vector. The resultant vectors would be as shown in Fig. 5(b). This
technique increases the number of candidates and helps to improve the
THD of the grid current.

A virtual odd vector in Fig. 5 formulated as below:

0l = XV, + a7
where x, and y are the time portions.
12
LVYE(S, S 18
x,y {3 3 } (18)

and, n, and m are the odd vector number
n,me {1,3,5} 19

Note that the switching technique is finite set model predictive con-
trol. All virtual vectors are fixed vectors that would be examined in the
cost function along with the physical vectors.

3.4. Tuning the local parameters
The parameters «,, and a, of the local model are designed based on

the a rough estimation from the physical model. Thus, @; =1/L, and
a, =1/|Z,,| are chosen.

An analytical method is applied to tune the local parameters of the
ultra-local prediction model to achieve the most reliable performance
of the model-free prediction.

In [34], the following suggestion is proved by the Lyapanov criterion
to choose parameters #, and f,.

pr=2VM.py =M (20)

where M should be the maximum value of the disturbance’s deriva-
tive. The following approximations are used to find an approximation
of M=max($ F) in a 2L3P-VSL:

d .
max (25 liap])

t d d d (21)
=max (r, alaliaﬁl + alalvaﬂl +ala|Vmﬁ|)

P d . . . .
Considering max( —y) = 2z f,y,, where y is an arbitrary variable, f, is

the nominal frequency and y, is the nominal value of the variable y, M
is obtained.

M = 27zrf,,a1(rfi,zﬂn + Ugp, + V:aﬂ,,) (22)

Based on the nominal values, §; = 3453, and f, = 3.97 x 10° would
be calculated for the test system.

To design the value of g, the transfer function (?“—”") is applied.
leak

leak %2 Fiear + P3ltear = P3licar

- (23)
Heak a Fjoqr

Considering the difference equations of the ESO, the transfer func-

FI eak

tions between the estimated and real leakage disturbances , and the

leak

i
transfer function from the estimated and real current Lﬂ can be derived.

laﬁ
1} B+ PBys
G == 22—1 (24)
g S*+Pis+ 5
F b
G =—=—- 25
7 F 24ps+5 25)
Using (24) and (25) in (23) results in the following transfer function.
i 2%
leak _ G+ + (26)
ileak a(s* + fys+ )

The value of g5 is designed based on the Bode diagram of the transfer
function (26). Fig. 6 shows the Bode diagram of the leakage current.
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Fig. 4. Complete block diagram of the proposed method.
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Fig. 5. Compensating the lack of voltage vectors by the virtual odd vectors.
It is clear that if the value of ;=10 is chosen, the bandwidth is at the
maximum possible value without a phase shift for the estimated value. o1+
€= e3 — fie; (33)
*
3.5. Lyapunov analysis 6= ﬂel 34
In order to ensure the stability of the observer with the designed Now, the Lyapunov function is defined.
parameters, the Lyapunov analysis is applied.
. . X 1
First, the errors of the observation are defined. V= 5( E? 4+ ﬁze%) (35)
=, —i 1+
el I‘fﬁ Lap @7 E= —ﬂ3 e3 — fie (36)
e;=F—-F (28) *
e3= Trogt = ligas (29) The derivative of the Lyapunov function should be negative.
. . . . . 1+ _
The dynaml.c equations of the errors will be obtained from the main av _ E( B3 % pray e\ = BLE) + fre, E = —p, E> 37)
observer equations: dt a 14 p;
Therefore, for any positive g, the observer is stable.
g=e—he (30 3.6. Discrete time stability analysis
éy=—Pre; (3D
3= mye, — Paes (32) . Slnce' tho? 1mplemer}t.at10n of tl'le 'control mthod is in the discrete
time, this kind of stability analysis is also studied, although the con-
Thus, the equations can be simplified as follows: tinuous stability of the system is already proved. If (26) is transferred
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Fig. 6. Bode diagram of the transfer function of the leakage current.
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Fig. 7. Discrete poles related to the control interval.

into the discrete time domain with the tuned parameters, the following
transfer function is achieved for 7, = 75usec.

Treak _ 0.0014992% — 0.00449122 + 0.004484z — 0.001492
Ileak 2+ —3.99423 +5.98322 — 3.983z + 0.9944

The poles of the discrete transfer functions are depicted in different con-
trol intervals in Fig. 7. Note that there are four poles for each ¢;. Only
one pole pairs are depicted in the figure because the other pair is iden-
tical. It can be seen that all poles lie inside the unit circle across all
tested control intervals. As the control interval increases, the poles move
closer to the unit circle. When 7, = 600usec, the poles reach the edge of
stability.

(38)

4. Experimental results

The experimental results verify the proposed method. Table 2 shows
the test system specification. The applied inverter is a normal two-level
inverter, the experimental setup of which is shown in Fig. 8. In addi-
tion to the proposed method, the model-free method based on the re-
mote state modulation, taken from [10,42], and conventional model-
free methods are also tested. These tests clarify the contribution of the
proposed method. The second method is called fixed common-mode
voltage model-free predictive control (FCMV-MFPC). This model does
not include the leakage current prediction.

Figs. 9 and 10 show the CM voltage and the leakage current for the
three tested methods. The results show that the CM voltage is constant

Electric Power Systems Research 258 (2026) 113080

Table 2
Experimental specifications.

Parameters Value Parameters Value

Vie 75 V] ry 0.5 [Q]
Cye 1000 [uf] L, 10 [mH]
Vgrid 30 [V, 1/50 [Hz] 1, 75 [us]
Tdead-time 3lus]

Fig. 8. Experimental setup with voltage source inverter.

for the FCMV-MFPC and the proposed method. Also, the leakage current
is meaningfully decreased for these two methods compared to the con-
ventional method. However, the current reduction in leakage is more
significant for the proposed method. In addition to the leakage current
reduction, the proposed method contributes to the grid current THD.

Fig. 11 shows the performance of three methods in two operating
points. It shows that the current control accuracy of the conventional
method is the best among the tested methods because there is no term
regarding CM voltage and leakage current, and the cost function is only
dedicated to the current control. However, when the remote state pre-
dictive method is applied to the model-free control, the grid current’s
THD (total harmonics distortion) is affected drastically. The proposed
method could return the THD to a close value to that of the conventional
method while the leakage current is even less than the FCMV-MFPC. The
quantitative comparison of the tracking error is performed in Table 3.
These results also confirm the contribution of the proposed method.

Fig. 12 shows the transient response of three tested methods. The re-
sults show that the settling time of the proposed method is as fast as the
conventional model-free method, while the terms regarding the leak-
age current reduction are also applied. Table 4 summarizes the settling
time of tested methods. The table proves that the dynamic response of
the fixed CM method is slower than the normal model-free method be-
cause of fixing the CM voltage. However, the proposed method is not
meaningfully slower than the normal method.

The sensitivity to the local parameters is also examined. In Fig. 13,
the parameter « is intentionally changed. This parameter is decreased
by 60% and increased by 100%. The results show that the reduction or
increase of this parameter does not effectively influence the reference
tracking behavior. Also, in Fig. 14, the parameter § is analyzed. It can be
seen that an increase of this parameter by 300% does not deteriorate the
results. Fig. 15 shows the leakage current during the sensitivity analysis
of the a and p parameters. The figure shows that these parameters do
not significantly affect the proposed method or the fixed CM model-free.
The difference between the proposed method and the fixed CM model-
free is kept while the local parameters are changed.

The effect of measurent noise is studied in Fig. 16. A noise with a
30dB signal-to-noise ratio is intentionally injected into the measured
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Fig. 9. Common-mode voltage: (a) conventional model-free, (b) fixed CM voltage model-free (c) Proposed Method.
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Fig. 10. Leakage current: (a) conventional model-free, (b) fixed CM voltage model-free (c) Proposed Method.
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Table 3
RMSE of grid current for three different methods.
Methods conventional MF  FCMV-MFPC  Proposed
RMSE of i, (% 7.35 14.63 7.57 Table 4
RVSE Zf : E (7:; 7: = I 5: o 7: T3 Settling time (ST) comparison.
RMSE of i, (%) 733 14.83 772 Methods conventional MF ~ FCMV-MFPC  Proposed
avg (%) 741 14.83 7.59
STofi, (us) O 740 0
ST of i), (us) 720 770 730
ST of i, (us) 740 760 735

current, and three methods are tested. All methods show a slight in-
crease in ripple, but the effect is negligible.
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Fig. 15. The leakage current under the sensitivity test to the local parameter (a): (a) conventional model-free, (b) fixed CM voltage model-free (c) Proposed Method,
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5. Conclusion

This research proposed a method to achieve three goals simultane-
ously, i.e., fixing the CM voltage, reducing the leakage current, and
maintaining the accuracy of current tracking. The remote-state switch-
ing technique for CM voltage fixing is combined with virtual vectors to
compensate for the lack of accuracy of the current control. The model-
free predictive method is applied to improve the accuracy and reduce
the parameter sensitivity. The leakage current estimation is added to
the state observer, which contributes to the uncertain reasons for leak-
age current generation. It also improved the accuracy of the current
control. The added part to the state observer changes its transfer func-
tion. The Bode diagram analysis is applied to prove the stability of the
observer. The proposed method is experimentally verified. The results
showed that the proposed method is as accurate as the normal model-
free method, while the leakage current reduction is better than the fixed
CM model-free technique. The applied ultra-local model for current pre-
diction needs a rough estimation of the grid inductance which is a slight
dependency on the physical parameter while the method is robust until
+100% change for this parameter.
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$({\displaystyle \frac {dy}{dt}})\,=\,{2\pi {f_{n}}{y_{n}}}$


$y$


$f_{n}$


$y_{n}$


$y$


$M$


\begin {equation}\label {eq144} {M}=2\pi f_n \alpha _1 (r_f i_{{\alpha \beta }_n}+v_{{\alpha \beta }_n}+V_{s{\alpha \beta }_n})\end {equation}


$\beta _1=3453$


$\beta _2=3.97 \times 10^6$


$\beta _3$


$\frac {\hat {i}_{leak}}{i_{leak}}$


\begin {equation}\label {eq104} \cfrac {\hat {i}_{leak}}{i_{leak}}=\cfrac {\alpha _2 \hat {F}_{leak}+\beta _3{i}_{{leak}}-\beta _3 \hat {i}_{{leak}}}{\alpha _2 {F_{leak}}}\end {equation}


$\cfrac {\hat {F}_{leak}}{{F_{leak}}}$


$\cfrac {\hat {i}_{\alpha \beta }}{{i_{\alpha \beta }}}$


\begin {equation}\label {eq105} G_i=\cfrac {\hat {i}_{\alpha \beta }}{i_{{\alpha \beta }}}=\cfrac {\beta _2+\beta _1s}{s^2+\beta _1s+\beta _2}\end {equation}


\begin {equation}\label {eq106} G_f=\cfrac {\hat {F}}{F}=\cfrac {\beta _2}{s^2+\beta _1s+\beta _2}\end {equation}


\begin {equation}\label {eq107} \cfrac {\hat {i}_{leak}}{i_{leak}}=G_f+\cfrac {\beta _3s}{\alpha _2(s^2+\beta _1s+\beta _2)}\end {equation}


$\beta _3$


${\beta _3}{=}10$


\begin {align}{e_1} & {= \hat {i}_{\alpha \beta } - {i}_{\alpha \beta }}\\ {e_2} & {= \hat {F} - F}\\ {e_3} & {= \hat {i}_{leak} - {i}_{leak}}\end {align}


\begin {align}{\dot e_1} & {= e_2-\beta _1 e_1}\\ {\dot e_2} & {= -\beta _2 e_1}\\ {e_3} & {= \alpha _2 e_2 - \beta _3 e_3}\end {align}


\begin {align}{\dot e_1} & {= \frac {1+\beta _3}{\alpha _2} e_3 -\beta _1 e_1}\\ {\dot e_3} & {= \frac {-\beta _2 \alpha _2}{1+\beta _3} e_1}\end {align}


\begin {align}{V} & {= \frac {1}{2} (E^2+\beta _2 e^2_1)}\\ {E} & {=\frac {1+\beta _3}{\alpha _2} e_3 -\beta _1 e_1}\end {align}


\begin {align}{\frac {dV}{dt}= E(\frac {1+\beta _3}{\alpha _2} \times \frac {-\beta _2 \alpha _2}{1+\beta _3} e_1 -\beta _1 E) + \beta _2 e_1E = -\beta _1E^2}\end {align}


$\beta _1$


$t_s=75 \mu {\sec }$


\begin {align}{\cfrac {\hat {i}_{leak}}{i_{leak}} = \frac {0.001499 z^3 - 0.004491 z^2 + 0.004484 z - 0.001492}{z^4 - 3.994 z^3 + 5.983 z^2 - 3.983 z + 0.9944} }\end {align}


$t_s$


$t_s=600 \mu {\sec }$


$\alpha $


$\alpha $


$\beta $


$\beta $


$\alpha $


$\beta $


$\alpha $


$\beta $


$\pm $

