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An Innovative, Adaptive Faulty Signal Rectifier
Along with a Switching Controller for Reliable
Primary Control of GC-VSIs in CPS-Based

Modernized Microgrids

Masoud Davari
Frede Blaabjerg

Abstract—Nowadays, networked controls using cyber-physical
systems (CPSs) necessitate engineers considering “faulty signals”
into the control from the beginning of the design process. Therefore,
synthesizing control methods, which are able to deal with faulty
signals and tolerate them, must be thoroughly investigated and inte-
grated into the design process from the commencement. This article
proposes an innovative, reliable control based on a sliding mode
faulty signal rectifier for active-/reactive-power-controlled, grid-
connected voltage-source inverters (named GC-VSIs hereinafter).
It is called “faulty-signal-tolerant” control in this article. Those
faulty signals can reach the GC-VSI’s controls from any sources;
for example, they may arise provided that the CPSs malfunction
or fail to prevent data-integrity-related issues, cyber threats, and
more. The sliding mode algorithm provides the proposed controller
with resilient performance via rectifying faulty signals. Besides,
the proposed structure is enhanced by an adaptive mechanism,
which makes it more robust against the “unknown’ nature of faulty
signals. The adaptation rule is able to find the unknown bounds
of faulty signals (which externally impact control feedback) and
incorporate them into the control by the sliding-mode-based faulty
signal rectifier to form a faulty-signal-tolerant methodology. Thor-
ough theoretical analyses, including stability assessment using the
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Lyapunov criterion, are provided in order to design the proposed
controller. Comprehensive simulations and experimental results
(associated with a GC-VSI) show the effectiveness and reliability
of the faulty-signal-tolerant controller, which is proposed in this
research.

Index Terms—Cyber-physical systems (CPSs), cyber threats,
faulty-signal-tolerant controls, grid-connected voltage-source
inverter (GC-VSI), modernized microgrid (MMG), multi-infeed
ac/dc (MIACDC) power systems, voltage-source inverter (VSI).

I. INTRODUCTION

HE ENERGY sector has been significantly progressing
T and moving toward simultaneously integrating power net-
works and battery energy storage systems embedded in ac/dc
power networks—which are also known as multi-infeed ac/dc
(MIACDC) power systems in smart grids [ 1]-[3]. Power systems
based on MIACDC architecture can be used in both electric
power transmission, e.g., high-voltage direct current systems,
and electric power distribution, e.g., active power distribution
systems and microgrids (see [1]-[8] and references therein).
Once traditional hybrid ac/dc microgrids are highly employed
in serving modernized smart grids, they need to have advanced
controls. Those microgrids have been named modernized mi-
crogrids (MMGs) in this research as they are equipped with
innovatory controls and sophisticated communications. In smart
grids, the MMG concept adds many benefits to the operation,
control, and demand supply within commercial power systems.
Indeed, having highly novel, sophisticated controls and com-
munications makes traditional hybrid ac/dc microgrids suitable
for modernized smart grids. They are the grids with a lot of
functionalities and rehabilitating capabilities. MMGs enable
the power industry to implement more revolutionary controls
(with/without advanced communications) to dramatically im-
prove the reliability, efficiency, operations, dynamics, and power
quality (see [6], [9], and references therein).

In smart grids, the modernized MIACDC concept brings many
benefits to the operation, control, and demand supply within
the commercial power systems. MIACDC-based MMGs will be
beneficial to a new trend in power systems’ architecture, which
is regarded as a fully integrated power and energy system. The
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“FIPES” abbreviation stands for the “fully integrated power and
energy system” phrase if needed in the figures shown in this
article wheresoever applicable.

This new trend can surely incorporate battery systems into
traditional power systems. An MIACDC-based MMG has a
structure similar to what is employed in terrestrial microgrids,
but it highly integrates electric power in both “ac” and “dc”
networks. MMGs require special considerations in the analysis
and studies because their MIACDC power systems significantly
utilize a lot of voltage-source-converter-based entities—among
which voltage-source inverters (VSIs) have become the vital
entities. VSIs will bring more flexibility and add extra capa-
bilities to the MMGs’ operations, e.g., augmented energy man-
agement, energy arbitrage in the electricity market, improved
power quality, and enhanced dynamics using resilient controls.
The MMGs’ fully integrated power and energy systems, as
illustrated in Fig. 1, deploy active-/reactive-power-controlled
(PQ-controlled), grid-connected VSI in their structure. A PQ-
controlled, grid-connected VSI is hereinafter called a GC-VSI
to reveal and emphasize the VSI’'s mode of operation in this
article.

In an architecture like MMG’s fully integrated power and
energy system, the use of cyber-physical systems (CPSs) is
inevitable. Researchers have proposed different algorithms to
be utilized in power systems’ CPSs. For example, the authors
in [10] have discussed the standard power systems’ CPS’s in-
frastructure. The authors have pointed out the importance of
cyber infrastructure’s security—along with preventing, mitigat-
ing, and tolerating cyber attacks in power application security.
It considers all parts’ security in generation units, the issues
related to different levels of controls, their evaluation, and risk
assessment methodology.

Additionally, the authors in [11] have proposed a
cyber-physical multisource energy system applied to electric
vehicles. It is based on the genetic algorithm. In that design,
two parts exist; the first part shows a multipower supply system
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Notional structure of an MMG based on MIACDC architecture of the fully integrated power and energy system.

unit containing three energy sources. In contrast, the second part
demonstrates an energy management unit to have the optimal
control for each source.

Furthermore, CPSs’ algorithms are nowadays progressing. In
this regard, researchers have proposed novel CPSs’ algorithms
[12]-[18]. The author of [12] has thoroughly investigated funda-
mental machine learning algorithms in supervised/unsupervised
manners and examined new computing architecture for develop-
ing the next generation of CPSs for smart grids. A method based
on the identification of hybrid dynamical systems for automating
the mechanistic modeling of hybrid dynamical systems from
observed data has been investigated in [13]. Authors in [14]
have proposed a density-based data stream clustering algorithm,
built on the multiple species flocking model for monitoring the
big data generated from numerous applications. Solution oper-
ator discretization methods with linear multistep and implicit
Runge—Kutta have been introduced for efficient eigenanalysis
of large delayed CPS-based power systems in [15]. Authors
in [16] have proposed a cross-adaptive gray wolf optimiza-
tion algorithm enhanced by adaptive position adjustment tactic.
Therein, in order to optimize the prediction model, a cross-
optimal solution strategy has been consequently developed. A
method based on the pseudospectral discretization of the delayed
cyber-physical power system’s solution operator is presented for
eigenanalysis in critical electromechanical oscillation modes;
they have damping ratios less than a specified threshold de-
scribed in [17]. Finally, the authors in [18] have carried out a
comprehensive assessment of vulnerabilities to cyber threats in
Internet-of-Things-based critical infrastructures from the stand-
point of applications, networking, operating systems, software,
firmware, and hardware.

On the one hand, the recently proposed CPSs’ algorithms
can detect more cyber-related issues, and so on [12]-[18],
but on the other hand, the hackers’ techniques are getting
sophisticated more and more. It means that making
any layers/levels—even devices’ primary controls—tolerable
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against cyberattack-related issues can help create more reli-
able, secure, and resilient CPS-based systems. This article has
deepened the GC-VSI’s primary controls and proposed a faulty
signal (hereinafter FS) rectifier in them, which is able to rectify
FSs effectively—via an approach that does “not” endanger the
closed-loop system’ stability. From the standpoint of controls, it
is a challenging task because GC-VSIs’ controls are the fastest
controls with the time constants from 0.5 to 5.0 ms or so—and
hence the most inner loops in the controls—in the automation
of CPS-based power systems.

Indeed, although the research in this article has considered
GC-VSI in CPSs, it has not studied and proposed any new
CPS algorithms. Instead, it has been assumed that regular power
systems’ CPS is being used, e.g., Fig. 1 detailed in [10]. Then,
if any FSs are able to reach and catch the GC-VSI’s primary
control—via a firmware update through CPS, and so forth—the
control system is still able to rectify those signals in a way that
the “rigorous” stability of the device’s closed-loop dynamics is
preserved.

Indeed, accurate information on the signals (e.g., currents and
voltages) is imperative for the controller’s successful operation
in a healthy and normal situation. It is critical because those
signals are used by the primary controller after being converted
to the well-known dg-frame. Any error in signals (references,
feedback, and so on)—which are caused by changes through
network—will lead to the generation of erroneous control sig-
nals (and hence incorrect modulation indices and switching sig-
nals). As a consequence, the related distributed energy resource
(DER) fails to operate efficiently.

As elaborated in the articles above (see [10]-[16], and [18]),
device controls (e.g., in the generation unit discussed in [10]) are
still vulnerable to malware that is potentially able to enter the
substation’s local area network (also known as LAN) via other
entry points such as universal serial bus (commonly known as
USB) keys, and more. Other researchers have also pointed out
this important matter in CPS-based power systems [18]-[22].
For example, researchers have studied resilient networked ac
microgrids [19]. Therefore, no matter how much power sys-
tems’ CPSs’ algorithms are substantial and complicated, there
is always a possible way that devices get impacted. In MMGs’
CPS-based fully integrated power and energy systems, many
automation algorithms have been used in order to ease MMGs’
operations. In order to facilitate the automation and operation
of GC-VSIs, a lot of control algorithms and signals are being
updated and sent through networks and cyber infrastructures.
Also, a lot of information is exchanged to increase the flexi-
bility and functionality of the automation process. Therefore,
all layers involved in the automation process are susceptible to
FSs; undoubtedly, some are easily attacked by cyber threats,
while others are harder targeted [18]-[26].

Many layers of security are designed to prevent attacks on
hardware firmware, sensors, and so forth, and there exist a lot
of algorithms banning them. There are various vulnerabilities
associated with each layer, and an attack on any is always
possible (it is just a matter of being easier or harder) [27]-[29].
That is why research studies and technical R&D reports have
recommended that cyber threats nowadays necessitate engineers
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designing and building systems that are able to tolerate FSs
from the beginning. As a result, those FSs should be integrated
into the system’s engineering process [30]-[35]. As a result,
there is always a continuous need for proposing controls that
are able to “tolerate” FSs on different levels. They are called
“faulty-signal-tolerant” controls hereinafter.

To the best of authors’ knowledge, there are not faulty-signal-
tolerant controls rigorously designed for the primary controls of
GC-VSIs, e.g., smart inverters; for the latest research and studies
discussing this matter, the reader is referred to [23]-[25] and
references therein. This article has researched such a GC-VSI’s
control in a cyber-physical system of MIACDC-based MMGs.
It has investigated this requirement and proposed a simple, yet
powerful approach for such a challenging application in the
primary control of GC VSIs. The proposed methodology is to
make the primary controls robust against FSs, which are not
detectable by all means, and impact signals in the dg-frame
which is one of the well-known frames in which the GC-VSIs
are controlled.

This article’s fundamental contributions are as follows.

1) It enhances the primary output feedback control of GC-
VSIs and makes it more reliable by a “signal rectifier”
called a faulty signal rectifier. In this article, that control
gets augmented and robust against nondetectable faulty
signals (or almost nondetectable ones). These are hard to
be identified or may not be rejected by security levels.

2) Itincorporates nondetectable FSs into the state-space rep-
resentation and proposes a faulty-signal-dependent, dy-
namic model of GC-VSI, which integrates nondetectable
FSs. In this regard, the nondetectable FSs, which affect
the primary control, are considered and modeled. In fact,
malicious FSs that corrupt or manipulate the flow of
data/information, also known as data integrity attack, are
modeled and expressed by signals with the subscript of
“FS” (stands for the “faulty signal”).

3) In this article, while looking at malicious FS as unknown
signals, a methodology to reconstruct the GC-VSI’s sig-
nals externally manipulated by a data integrity issue is
proposed. This article develops a strategy that “rectifies”
corrupted feedback signals using a nonlinear approach
based on a “sliding-mode-based” rectifier with an inherent
robustness property. This methodology leads to additional
improvements in the reliability of control systems in the
primary control layers of GC-VSIs employed in cyber-
physical systems for MIACDC-based MMGs. This article
names the proposed approach “sliding-mode-based FS
rectifier,” which is developed for GC-VSIs. Here, just as
an example, the GC-VSI based on the LC'L ac-side filter,
which is industrially accepted and commonly employed
in the industry, is used.

4) The proposed sliding-mode-based rectifier has an “adap-
tive” mechanism that is able to take into account the
“unknown” bounds of the signals’ norms. This way, the
rectifier is independent of the specific values associated
with the norms of signals and considers them unknown.
This consideration is required because the bound of signals
externally impacted by FSs is unknown beforehand.
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The remainder of this article is as follows. Section II mathe-
matically models the system under study, i.e., LC'L-VSI, in the
state-space representation. Section III details the sliding-mode-
based FS rectifier. Section IV demonstrates the simulations and
experimental results. Finally, Section V concludes the article.

II. SYSTEM UNDER STUDY

Considering Fig. 3, the describing state-space representa-
tion of (1)—(4) models the dynamics of a GC-VSI equipped
with an LC L-filter. In (1), the state vector of x is defined as

T
[ild i1g f2d 29 Vefd vch} , the input vector of w is
T
described as [md mq} , the output vector of y is expressed
T
as |:i2d 12q  Vefd Ve fq] , and the disturbance vector of d

T
Upccq:| . In the vectors stated earlier,
based on Fig. 3, 741 and ¢4; are the dg-components of the space

phasor of 4, representing 414, ¢1p, and 41.; iq2 and i, are the

is defined as [Upccd

dg-components of the space phasor of %’2 representing is,, i2p,
and iy; Ve rq and v, g4 are the dg-components of the space phasor
of U,y representing vefa, Vesb, and vese; Vpceq and vpee, are
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the dg-components of the space-phasor of Upcc representing
point of common coupling (PCC) voltages of vpcca, Upccos
and vpcce; and mg and m, are the modulation indices of the
switching scheme based on the pulse width modulation (PWM)
methodology in the dg-frame

1
Y= Cu (D
where the “over dot” denotes the time derivative
[_ Ry Ry _ 1 ]
L;l w T zg L1 0
R, 1
@iy O gy 00—
f _ Ry _1
A= | L2 Ig Ls ‘2 Ly2 (1)
f t
R i e =S 73
1 1
L O CT 0 _CT —Ww 0 i
(2)
- _ _ -
I 0 0 0
1
0 7 o0
— 0
By =l | 0 0 p  |TIp and (3)
Lfg
0 0 0 0
| 0 0 | . 0 0 |
001 0 0O
00 0 1 0 O
C = 4)
00 0 0 1 0
00 0 0 0 1

In(1)-(4), Ry1 £ Ry + Ryand Rys & Ryo + Ry; Lyt/R
are the LCL-filter’s converter-side inductance/resistance;
Lo/ Ryo is LC L-filter’s ac-grid-side inductance/resistance; and
Cy is the LC L-filter’s shunt capacitance. All of the variable
mentioned above have been shown in Fig. 3.

Equation (1) describes the “faulty-signal-free” dynamics of
the GC-VSI in Fig. 3. If FSs appear in the output vector of y in
(1)—without loss of generality—it becomes as follows:

y=Czx+ Efgs

where A, By, Bs, and C are defined through (2)—(4), and
the vector of fpg constitutes FSs targeting the output vector
of y in the primary control of the given GC-VSI. Moreover,
is the FSs’ impacts’ distribution matrix, and frg is the vector
incorporating errors caused by an FS.

It should be noted that any falsifying FSs added to the mea-
surements in order to externally manipulate and corrupt them
result in the generation of erroneous control signals (and in-
correct modulation indices and switching signals), thus causing
DER to operate incorrectly. In this regard, equation (5) has
developed a “faulty-signal-dependent” model for GC-VSIs with
an LC L-filter by considering an additional signal associated
with errors added to the output and by incorporating it within the

)
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faulty-signal-tolerant control design process as follows. Then, a
faulty-signal-tolerant control strategy can be proposed. It mod-
ifies the control approach presented above to ensure resiliency
against FSs, using a sliding-mode-based faulty-signal-rectifying
approach. In order to tackle this problem, the next section details
the proposed method to construct the error in the measurements
and use the reconstructed signals in a faulty-signal-tolerant
control scheme.

According to (5), since it is required to derive a faulty-signal-
dependent model for the system in our problem formulation,
it means that a time-varying system is being involved. As a
result, it is very challenging to find Lyapunov functions with
a negative definite derivative to prove the asymptotic stability
of such a system (see [36]). It is well known that in case
of dealing with time-invariant systems—if the time derivative
of the Lyapunov function is negative semidefinite—then it is
possible to conclude the asymptotic behaviors by benefiting
from invariant-set theorems [36].

Notwithstanding, such flexibility is not available to time-
varying systems. Barbalat’s Lemma is key to this problem histor-
ically. In order to be able to benefit from Barbalat’s Lemma, the
FSs impacting the output should be bounded. As a consequence,
Remark 1 below has revealed this requirement. It is worthy
of mention that considering Remark 1 does not impose any
restrictions on this research’s scope because it is assumed that
the CPSs have not detected FSs. Therefore, there are many layers
that have already seen detectable signals as those are not able to
reach the devices’ controls. .

Remark 1: In (5), it is assumed that || E fg||2 and || E fgsl|2
are bounded—in which ||.||2 calculates the 2-norm of a vec-
tor. This assumption does not impact the generality of the
considered problem formulation since this article looks at as
“nondetectable” as possible FSs.

Since the “current-controlled, PWM-based” structure is em-
ployed (which is very well known and attractive because of its
salient features), a control system ensures fast reference track-
ing,i.e.,igd — 19g-ref and igq — igq_refthen Prcc — Ppecrer and

[RIRIAS i
p->labctodg| [ PLL }->p
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: J 7 owse ! Grid
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]
]
]

Detailed block diagram of the LC'L-based GC-VSIs used in the MIADC-based MMGs showing the considered FSs.

Qpcc = QpcCaref- T2d-ref 18 the reference signal of iog, i94.rer 1S
the reference signal of 4oy, Ppcc.rer is reference signal of the
active power injected to PCC, and Qpcc.rer is reference signal of
the reactive power injected to PCC. Based on the operation of
a GC-VSI using current-controlled, PWM-based methodology,
which benefits from a decoupled active/reactive power control
through the phase-locked loop (PLL), the reference signals of
12d-ref and Z94.rcf can be expressed as

; . — 2DPpccrer

12d-ref = 3Upccd (6)
i — =2QpCCref

2q-ref — 3vpcca

III. SLIDING-MODE-BASED FS RECTIFIER

This section details the proposed FS rectifier, which is based
on sliding mode. In this regard, an “adaptive” FS rectifier for the
system of (5) is synthesized. Now, in order to rectify the FSs,
the a vector containing sliding surfaces around which the sliding
regiments will be induced is required to be defined. The vector
of sliding variable s = [s1 5253 54}T € R*is first introduced. For
doing so, an auxiliary vector variable of z = [z1 2923 24]T cR*
is also required to be defined as follows:

s=z—y,

Cz — [ (k. + &)sign (s(7)) dr

> I>

)

z

where k,. > 0 is a constant, and ¢ is a time-dependent function,
whose dynamics are expressed below.
Now, using y defined in (5) and (7)

s=2z—Czx— Efgg
= Efpg=2—-Cx—s.
C e . - ®)
Therefore, s =2 —9y,= § =2 — C — E fg

= Efps =2 —Ci — 5.
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Then, supposing ||Efgsll2 < a1 and |Cz|2 < B||lz||2 +
oo, where oy > 0, ap > 0,and S > 0 are unknown constants—
in which it is assumed that there is an «, so that oy + as < a.
Next, the adaptive dynamics are defined as

—(B@ll2 + @ + k,)sign(s)

2 =
a = 1ls|2 )
B = szl

where z(0) = 0, &(0) = G > 0, and 3(0) = By > 0 (i.e., Go
and /3 are the initial value of the adaptive dynamics), 7 > 0 is
aconstant, and sign(s) £ [sign(s; )sign(sz)sign(s3)sign(s4)]”.
It is noteworthy that (9) is an adaptive dynamic system, which
is able to deal with and tackle the limited upper bound of
FSs, which are assumed unknown beforehand. It is a rational
assumption as the upper bound of FSs—which can be created
by “any” sources—are unknown.

Remark 2: Considering & and 3 [described in (9)], it is
obvious that &(¢) > 0 and 3(t) > 0.

This article proves that the adaptive dynamics of (9) are stable,
as shown in the following theorem.

Theorem 1 (Stability of the FS rectifier): Consider the uncer-
tain system of (5) along with the auxiliary variables of s and z
defined above. The origin is the stable equilibrium point of the
adaptive dynamical FS “rectifier” of (9).

Proof: The Lyapunov function of Vie(t) is defined as

R TR S S S )
erecl(t) - 2”8”2 + 2?704 + QCﬁ (10)
Wheredéa—@andﬁéﬁ—ﬁ.
From (10)
‘./rect(t) ZSTé‘—é(a—&)—é(ﬁ—B) (11)
U ¢
From (8) and (9), (11) is expressed as
Viea(t) = 87 (2 — Cit — Effeg) — ||s]|2(a — &)
R (12)
— [Isll2llzll2(8 — B).
As aresult, (9) and (12) conclude that
Ve (t) < 872 + [|s[l2(|C|| + | E fps]l2) 0%
— |[sll2(c = &) — ||s]|2]|®[|2(8 = 5)-
Using (13), Vrect(t) is expressed as
Vrect(t) < —sT(B||w||2 + & + k- )sign(s)
+ [Isll2(Bllzllz + a2 + 1) = [Islla(a — &) (14)

— lIsll2llzll2(8 — 5).
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From (14) and by using s”sign(s) = ||s
of View(t) is described as

1, the upper bound

Viea(t) < =7 (Bl ||2 + & + k. )sign(s)
+ &l[s[2 + B[ s|2[|z|2
= Viea(t) < —Blallal|slls — &llslly — krlls|lx + sl

+ Blsl2]lz2
= Vieat(t) <

a(|lsllz = llsll) +6 (Isll2| 2]l — lIs]l:]1]|2)

A Negative Term

= krllsllx

A Negative Term

= Vieat(t) < —k.||s]]1 < 0.
15)

It is noteworthy that (15) has been concluded considerjng
lIsll2 < Ils]l1 (hence [|s]l2 ]|z < 5] [2]2). & > 0. and 3 >
0. Therefore, the proof is completed. |

Remark 3: Because of the existing discontinuous “sign” func-
tion in Theorem 1—e.g., in (9) and anywhere else employed
in this article’s sliding-mode-based algorithms hereinafter—it
is well known that the conventional sliding mode controllers
may show the chattering phenomenon appearing on the outputs.
An alternative to reduce the chattering effects is commonly
known as the boundary layer method, which has been adopted
in this article. Therefore, a saturation function approximates the
sign function. This article has utilized the continuous, smooth,
hyperbolic tangent function [i.e., tanh(epp s)] to replace the sign
function with a smooth one wherever needed. In tanh(egy s), the
positive egp, converges the tanh function to the sign one—by
changing the slope at the point of discontinuity—the lower
the value of epy is, the less the chattering effect arises. This
alternative methodology eliminates the discontinuity of the con-
trol signal, thereby avoiding the chattering phenomenon and
its issues [37]-[39]. It is worthy of mention that detailing,
discussing, addressing, and dealing with different chattering
issues of sliding-mode-based controls’ theories are not directly
within this article’s scope (see [38], [39]).

Corollary 1 (Estimation of the FS): The vector of E }'FS is
defined as 2 }FS £ 2z + Cx, where }FS is an estimation of the
FS vector of frg. By defining }FS as the FS error vector, one can
prove that st reaches 0 as t — oo (i.e., }‘FS — 0 ast — 00),
or equivalently st reaches fg (i.e., st — frg)ast — oo.

Proof: By defining }'FS as the FS error vector, (16) is obtained

as

}.FS:}FS_fFS7:>E}FS:E}FS_EfFS' (16)

E}FS’S definition in Corollary 1 concludes that £ }FS =z+
Ci — frs. .
Also, from (5), E f = y — C is obtained. Consequently
Efps=2+Ci— (- Ci) =2 — 3. (17)

Considering the definition of s (i.e., s e y), equation

(17) becomes E]"FS =z—y=S3.
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Fig. 4. Proposed faulty-signal-tolerant control for GC-VSlIs.

As a consequence, according to Theorem 1, since s reaches
zero (i.e., s — 0) as t goes to infinity (i.e., ¢ — oo)—based
on Barbalat’s Lemma (see [36])—and since ||E fgs|l2 and
| Efgsll2 are bounded, one can conclude that frg — O as
t — oo. Therefore, ast — oo, st — frs, which completes the
proof.

Fig. 4 has shown the detailed control structure of the proposed
sliding-mode-based FS rectifier. The microscopic structure of
the VSI shown in Fig. 4—including the switching signals
of Phase A (i.e., S, for upper leg A and S!, for the lower
one), Phase B (i.e., S for upper leg B and S} for the lower
one), and Phase C (i.e., S, for upper leg C' and S, for the lower
one)—has been shown in Fig. 3.

Next, Corollary 2 has demonstrated that one is able to integrate
the proposed sliding-mode-based FS rectifier of (9) into any
currently stabilizing output feedback controller, which equips
the VSI with any desired performance.

Corollary 2 (FS rectifier embedded in an existing output feed-
back controller): Considering the stable sliding-mode-based FS
rectifier of the adaptive dynamics of (9) and referring to Fig. 4,
the uncertain system of (5) can be controlled by any currently
stabilizing output feedback controller for the VSI.

Proof: Suppose that u = —Ky = —KCx is a currently
working output feedback controller employed in the LC'L-VSI.
Then, if u = —K (y + A) is chosen, in which K is the output
feedback control gain, then

u=—-K(y+A)=—-K(Cx+ Efg+ A). (18)
Provided that A = —(E fyg — ), it is proved that
u:-K(Cm+Ef—(E}FS—s)). (19)

Assuming s(0) = fps(0) = 0 and considering E}Fs =%—
y = 8, (19)is simplified as E frg — s = E frg, which inserting
it into (19) proves that u = —KCx = — Ky. It is noteworthy
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that w is the main output feedback controller that has been
applied to the system, so it proves Corollary 2. |

Fig. 4 has shown the block diagram of the faulty-signal-
tolerant control for GC-VSlIs, including the proposed sliding-
mode-based FS rectifier in detail.

For the controller, for example, a two degree-of-freedom
(2DoF) structure enhanced by an adaptive design can be used and
synthesized here. Regarding the system as a 2DoF system (see
[40]), the following equations are able to model the dynamics of
the grid-side filter’s currents (in the dg-frame) using a 2DoF
system as required for controlling active power and reactive
power [40]

. . . i t
bna(t) = wo(£)ing () — Eing(t) — s 4 2100
. . ‘ . Lig, (f)
ing(t) = —wo(t)ina(t) — Hi2ing(t) — 25cald) 4 gy ) T

(20)
Therefore, considering (20), the dynamics of the tracking er-
rors of e;,, £ jog — iodrer and €ing £ 19q — 12¢-ref are expressed

as follows:
Ciag(8) = wo(t)izg(t) = £Liaalt) = “EAY + 37
—iodret(t)
€i, (t) = —wo(t)iza(t) — [2iz4(t) — UPCLCi;z(t) u%fit)
*i2q—ref(t)'
2D

Itis assumed that ioj_f, i2d_ref, 19¢-ref> and igq_ref are accessible,
and i94 and iy, are the outcomes of the proposed rectifier, which
is able to properly rectify the FSs’ impacts in a stable fashion.
Now, itis possible to consider vpcca, Vpccg, L 2, Ri2, and wy are
not known but limited. The best initial guesses are their nominal
values as well. This way, the changes impacting their values
(by grid’s changes or FSs) are considered and updated adap-
tively. Therefore, for the parameters’ estimations, the following
dynamics have been taken into account:

I?fg (t)=—%L,, (€ (t)izarer(t) + €ing (t)i2q-ref(t)>
Rus(t) = ~£ryy (€ing (D)iza(t) + e, (£)izg (1))
Xpa(t) = +7'5sz (€ina (t)ing(t) — €1y, (t)ina(t))
VPCCd (t) = —Ropccaiza (t)

VPccq (t) = —Fopee, Cing (1)

(22)
inwhich 21 ,,, ZR,,» £ X 15 Rupeeas AN £y, are all positive
values, and the initial values of the functions above are the
positive, nominal values of Lo, Ria, X2 £ wolLyy (ie., the
nominal impedance of Ly, at the nominal frequency of wy),
Upccd, and vpccy, respectively.

After that, considering (21) and (22), the following input
signals are able to stabilize (21) according to Theorem 2

Uiy, = Ria(t)iog — Xsz(t)izq + Veccal(t)
+Lgo ()indret — ke, sign (€, (t))

Uy, = Rio(t)ing + XLfQ (t)iza + Vecey(t)
Lo (t)ingaer — ke, sign (eiy, (1))

.. > A AT
where k‘eigd and k‘equ are positive numbers, and X, ,, = ©Lyo

(23)
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Theorem 2 (Stability of the adaptive controller): Consider the
system of (21) with adaptive dynamics of (22) with the inputs
defined in (23). The origin is the stable equilibrium point of the
closed-loop system described.

Proof: The Lyapunov function of Vo, (¢) is expressed as

1 50 Ryt Xi,0)
‘/Conrt - elt 2+ t2 t2 4 f2
)= 3 ( el + 520 4 220, e
+ ‘7PQCCd(t) + ‘7192CCq(t)
éUPCCc/L )%'UPCCQ
(24)
where

C:(t) £ [ei2d (t)7 eigq (t)]T

Lpa(t) £ Lya — Lys(t)

Riz(t) £ Ryp — R:EQ(t) 25)
Xsz - Xsz XLfA’z (t)

Vocca(t) 2 vpcca — Vecca(t)

Vecey(t) £ vpeca — Vecey (t).

Thus, mer(t) is found as
Veone (1) = Lp2is, (t)ein, (1) + Lz, (e, (1)
Lia®) (L2 = Lpa(®)  Ralt) (Riz = Fea(0)
Bl
Xp®) (Xop, = X1, (0))
RXpy

VPCCd(t) (”UPCCd — VPCCd(t))
VA

Vpccd

{/pcc(;(t) (UPCCq — Vheeq (t)> (26)

é'UI-‘CCq

From (26), one reaches
Vcontr(t) = €iyg (t) (XLf’zi?q(t) -
+ iy, (t) — Lyaiodret(t))
+ €y, (t) (=X 1,5 024(t) —
+i,, (t) — Loiogrer(t))
+ (€iz (t)i2drer(t) + €ing (t)i2q-ref(t))
(1= 0
ina ()izalt) + €1, (Dizg (1) (Riz = Ria (1))
iz, (i2a(1)) (X1 = X1,2(0)

+ €4, (1) (vpcccz - Vbc&i@))

Ry2i94(t) — vpcca

Ry2i24a(t) — vpccqy

+(
(elzd ZQ(I

+ €y, () (UPCCq - ‘A/'PCCq(t)) . (27)
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Then, from (27), one obtains

‘-/COHtr(t) = Ciyq (t)uizd (t) + Cigg (t)uiz (t)

- sz ) (€isa( (t)i2dref (1) + €in, ( )qu-ref(t))
— Ri(t) (€iny (t)ina(t) + €4y, (1)izg (1))
+ X1 (1) (i (£)izg () — €1, (Dia(t))
— Vicca(t)ei, (t)
— Voccg(t)ei, (t)
(28)

_ Subsequently, by inserting the input signals of (23) into (28),
Veoner (t) is found as

‘./contr(t) = T Ciyg (t)keiQd Sign (eiQd (t))
= €ig, ()ke,, sign (eis, (1)) -
=
) (29)
%Onﬁ(t) - = k€7‘,2d |ei2d (t)| - keq‘,zq |ei2q (t)|
=

Veonu(t) < 0

Equation (29) completes the proof of Theorem 2. Conse-
quently, ioq tracks ioq.ref (i-€., 124 — 92d-ref) aNd Goq racks i ref
(i.e., 12 = i24rer), and hence, Ppcc — Ppccorer and Qpcc —
Qpccref, respectively. [ |

IV. SIMULATIONS AND EXPERIMENTS

This section demonstrates the simulation results and exper-
imental outcomes of the proposed methodology for different
conditions that a GC-VSI may experience in grid integration in
detail as follows. First, varieties of grid conditions are studied.
In this regard, the first subsection considers integration into:
1) a strong, balanced grid; 2) an unbalanced grid (with a high
short-circuit capacity compared to the capacity of the VSI), and
3) aweak grid, which are all covered in different subsubsections.
Second, for comparison, the results of other methods targeting
FSs removal from the GC-VSI’s controls are introduced in order
to reveal the superiority of the FSs rectifier proposed in this
research. Last but not least, in order to show the practicality of the
presented method, the third subsection reveals the experimental
results of a GC-VSI prototype connected to the grid of Georgia
Southern University.

This research sees the impact of FSs generated by attacks not
detected by CPS-based power systems of MMGs. Therefore,
FSs are required to show such emulations; the same type of
changes have been considered in [18]-[25] as well. For all the
test cases explained here, which are related to FSs’ impacts
on the control performance, 20% of the nominal values of y’s
arrays—according to the GC VSI’s operating point—is added
to y’s arrays by the numbers that can be generated at any value
but with a limited upper bound. Other researchers have also
utilized almost the same type of testing in their simulations
[18]-[25]. Here, those numbers are generated at any value—with
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TABLE I
PARAMETERS OF Fig. 3 EMPLOYED IN SECTION IV-A1l, A2, AND B1 AND Fig. 14

Parameter Value Parameter Value
Sy ! 10.81 kVA scc? 65 kVA
Ls/Rypq 1.1 mH/0.01 2 LyolRyo 1.1 mH/0.01 2
CtIRy 15.40 puF/2.08 2 f* 8.1 kHz
Vpc? 400 V VPCCLimetotine e > 208 V
n=n"=n" = mew I ¢(=¢P=¢N |
kr = kP = kI = knew 1 Frp, = AL, =41, 200
KRy = %y = #luy 200 Fxps =AY, =A%, 200
}%”PCCd = )%TIJDPCCd = UNPCCd 200 %”PCCq = é1}))1)CCq = 1]1\1]>CCq 200
keiyg = k‘ff?zd - ké\’{zd 2 kei2q - k‘}:izq - é\gzq 2

1 Nominal VA 3 PCC Short circuit capacity calculating Zgyiq [41] 2 Nominal value # Switching frequency

a limited upper bound—adding a dc average values to the output
signals. In addition to them, sinusoidal waves (having limited
amplitudes) are added to y’s arrays. Different frequencies have
been selected here—their angular frequencies are 500, 1000,
100, and 200 rad/s (or equivalently 79.578, 159.155, 15.916,
and 31.831 Hz) for the first, second, third, and fourth array,
respectively.

As the angular frequency of the fundamental frequency of
electric power is either 60 or 50 Hz—which is approximately
377 or 314 rad/s, depending on the country—different angular
frequencies that are higher and lower than the fundamental
frequency have been considered. Therefore, two cases of 100
and 200 rad/s and two samples of 500 and 1000 rad/s—as the
cases less and higher than the fundamental frequency—have
been selected to be tested. Accordingly, the frequency of those
are 79.578, 159.155, 15.916, and 31.831 Hz as perw = 27 X f.
It is worthy of note that the FSs have been added to the main
feedback signals, which emulate a possible data integrity at-
tack’s behavior if CPS fails to prevent them. Indeed, they do
“not” exist in the actual plant’s dynamics, thereby exciting “no”
resonant frequency to potentially pose a threat. All of the signals’
attributes are selected to be generated at any value with a limited
upper bound; they are able to emulate the FSs that can impact
the signal by “any” value (with a limited upper bound) as much
as possible.

A. Proposed Approach’s Simulation Results in Different
Grid Conditions

This subsection details the approach’s results of the GC-VSI
with the proposed FS rectifier. In order to make these simula-
tions as comprehensive as possible, different grid conditions are
considered and simulated.

1) Balanced Grids With High Short-Circuit Capacity: Here,
balanced grids are taken into consideration. Fig. 3, whose pa-
rameters are given in Table I (with a balanced grid at PCC),
has been simulated using the Simulink in MATLAB as the
GC-VSI elaborated in this article. The FSs have been emulated
via different signals manipulating the output vector of y; they
have been explained before Section IV-A. This manipulation
can happen by “any” amplitude with a limited upper bound.
Those signals are designed to consider several possible cases
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(b)
Fig. 5. FSs (created by cyber threats, sensor faults, and so forth) impacting

the output of y in Fig. 3 (i24, 124, Vefd, and vefq, from the top graph to the
bottom one). (a) Whole time window. (b) Enlarged view of Fig. 5(a).

(i.e., various “dc average” values and different frequencies), as
detailed below.

a) Test case: The examined test case is described as fol-
lows. Fig. 5 shows the emulated FSs on the signals of interest,
which are a4, 924, Vcrd, and v.yq, from the top graph to the
bottom one, respectively. In Fig. 5, FS samples impacting y’s
arrays are demonstrated in different colors and in percentage.
The percentage calculations are based on the y’s arrays’ values
of the GC-VSI’s operating point. The whole and enlarged graphs
in Fig. 5 show that the dc average of the signals is changing,
and the amplitude of sinusoidal waves is altered by any number
(with a limited value). In order to examine the proposed FC
rectifie—while FSs of Fig. 5 are in place—the test case shown
in Fig. 6 is conducted. The outcomes have been discussed below.
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Fig.6. Simulation of Fig. 3 connected to a balanced grid with high short-circuit
capacity detailed in Section IV-A1 with the controller of Fig. 4. (a) Active power
of Ppcc injected into PCC with/without FS. (b) Reactive power of Qpcc injected
into PCC with/without FS.
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Fig. 7. Error between the rectified signals (generated by the sliding-mode-
based FS rectifier) and the same signals “without” FSs for y’s arrays, i.e., i24,
12q> Vefds and v, fq from the top to the bottom, respectively.

b) Discussions about the results: First, both active power
and reactive power are set zero. Next, att = 0.5 s, the reference
signal of active power Ppcc is set to 0.6 pu. Afterward, at
t = 1.0 s, the reactive power Qpcc is set to 0.3 pu while the
other condition still exists. Fig. 6 has depicted the active/reactive
power—which includes the references and actual signals with
and without FS. Last but not least, in order to check the effec-
tiveness of the proposed sliding-mode-based FS rectifier, Fig. 7
depicts the error between rectified signals and without-faulty-
signal y’s arrays, i.e., 24, 424, Uc fd, and v,y (from the top graph
to the bottom one), respectively. It shows the errors in percentage
based on the y’s arrays’ values of the GC-VSI’s operating point.
As shown in Figs. 6 and 7, the proposed FS rectifier is able to
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rectify the signals while incorporated into the primary control
(also known as zero-level control) and rigorously stabilize Ppcc
and Qpcc to their reference signals. It is worthy of note that the
control in this level is the most inner loop, whose time constant is
the fastest among all control levels in the hierarchical structure of
the MMGs. Therefore, as noted in the introduction, if the CPS
cannot prevent any issues from happening that come into the
primary control, the system itself is able to survive and operate
until further actions take place in the CPS-based MMG.

2) Unbalanced Grids With High Short-Circuit Capacity:
Here, unbalanced grids are considered. As this research’s scope
is not merely focusing on proposing controllers for GC-VSI’s
integration into unbalanced grids, the commonly used dual
current control scheme for PWM-based VSIs under unbalanced
input voltage conditions have been employed [42]. It is a simple
yet powerful control, which is also industrially accepted for such
a situation. In that scheme, the instantaneous power fluctuates
with the double frequency as described in (30) and (31) [42];
also, two dynamics exist that are linked to each of the positive
sequence and the negative one, individually [42]

p(t) = Py 4 Peoscos(2wt) + Pyysin(2wt)

q(t) = Qo + Qeosc0s(2wt) + Quinsin(2wt) (30)

where

a P P P P, .N N . N :N
Py = 1.50(Vpecgiag + Vbceqylng + Vpccaiaad + Vpccqizg)

A P N P N N P N P
Peos = 1.50(vpceglng + Vpecging + Vbccdiazd + Vbccqlzg)
S N P _ N P P N P N
Pon = 1'50(UPCCq7’2d Upccdl2q — Vpccglad T vPCCd7’2q)
(31a)
2 P P P P N N N N
Qo = 1'50(UPCCqZ2d — Upccdlaq T Vpccqlaa — vPCCdl2q)
2 P N P N N P N P
Qeos = 1.50(Vpccyfng — Vpecalag + Vpccyiaa — Vpccdlaq)
A P N P N N P N P
Qsin = 1.50(vpeeging + VUpccql2q — Ypecdt2d — UPCCqZQq)-
(31b)

As a result, equations (22) and (23) should be updated by
(32)/(33) and (34)/(35), respectively, for each of the positive
and negative sequences. The rationale for this update is that The-
orem 2 has already proved the positive sequence’s closed-loop
dynamics’ stability. Thus, the same FS rectifier can be employed
in each sequence’s dynamics as they share the same dynamics
except for the angular frequency which is “negative” in the
negative sequence. The FS rectifier’s proposed structure has been
applied in rectifying each sequence outputs to be embedded into
individual sequence’s dynamics separately. Fig. 8 has depicted
the described system

(1) = ~#1,, (i, (05 ®) + eip, (D5, (1))
RE(t) = féth( <t>z§d<>+ep<>z§q<t>)
XE(0) = +2%,, (ear, (035, (6) — eap, 05
‘j/PIéCd(t) vmdez r (1)

‘A/Plécq(t):

UPCCq 12q (t)

(32)
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Fig. 8. Proposed faulty-signal-tolerant control for GC-VSIs integrated into
unbalanced grids.

and
1) = £, (i, (D55 ®) + iy (i3 a(®))
R () = ~AR,, (e (03300 + i (1 >z§z<t>)
XN = fféxﬂ (eay, Vi3 (0) = sy, (ViB3(0))
‘./P](\Z]Cd(t) UPL(dez d(t)
‘/P]ng(t) = uPccq (t)
(33)
where ész’ ]%th’ éim’ éi’ccd’ éf})cc ’ éLf2’ ]?’Rm’ ész’
)%fX)CCd, and éf,\f,cc are all positive values, and e;p. £ ik —

N 8N
— g rer AN €33 = g —

zgd-ref’ e = Zé)q - zgq-ref’ €in, £ ié\il
ié\;_ref. Also, the initial values of the functions above are the
positive, nominal values of Lo, 2, Xyo £ woLyso (ie., the
nominal impedance of Lo at the nominal frequency of wy),
vpced, and vpccy, respectively

up (t) = RE(t)ik, — XP (t)ZQq + Vikea(t)
+Lf2 (t>22d ref — 51 Slgn (e'P )
(34
up (t) = Ry (t)iby + XLf2 (t)ZQd + Vikeq ()
+Lf2 (t)l2q ref — 67;2 Slgn <6i§q t )
and
wy (T ) = g(ﬂ%d + XLf2 (t)ig, + Vlfgcli(t)
(t)sz of — % sign (e N ) 35)
ulé\;( ) (t)z2q Lf2 (t)Z2d + Vi’CCq (t)
)i3gret — ei2q51gn (eiqu (t))

Pt

where kP kP s ké\; and kN are positive numbers.
Remark 4 One is able to prove that (34) and (35) also
stabilize the closed-loop systems associated with two sequences
under investigation. This proof needs to proceed with what

has been provided for Theorem 2. It has already inferred that
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Fig. 9. Simulation of Fig. 3 connected to an unbalanced grid with high short-
circuit capacity with the controller detailed in Section IV-A2; the first test case
(Phase A is 1.00 pu, Phase B is 0.90 pu, and Phase C is 0.80 pu). (a) Active
power of Ppcc injected into PCC with/without FS. (b) Reactive power of Qpcc
injected into PCC with/without FS. (c) Positive and negative sequence of Vpcc;
and the second test case (Phase A is 1.00 pu, Phase B is 0.85 pu, and Phase C
is 0.70 pu). (d) Active power of Ppcc injected into PCC with/without FS. (e)
Reactive power of Qpcc injected into PCC with/without FS. (f) Positive and
negative sequence of Vpcc.

(34) stabilizes the positive sequence’s closed-loop dynamics.
Likewise, the same proof procedure concludes so for the negative
sequence’s ones.

Fig. 3, whose parameters have been reported in Table I (with
unbalanced PCC voltages described below), has been simulated
as detailed in Section IV-Al. Here, two unbalanced grids have
been considered as follows. In the first unbalanced test case, the
voltage of Phase B is reduced to 90% while that of Phase C
is reduced to 80%. The results of the simulation conditions as
those in Section IV-A1 have been shown in Fig. 9(a)—(c). In the
second unbalanced test case, the voltage of Phase B is reduced
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Changes—It Is Applied to Modular Control Scheme in [40].

Fig. 10.  Proposed faulty-signal-tolerant control for GC-VSIs integrated into
weak grids.

to 85% while that of Phase C is reduced to 70%. The results of
the simulation conditions as those in Section IV-A1 have been
shown in Fig. 9(d)—(f).

3) Weak Grids: Here, weak grids are taken into account.
Regarding weak grids, many considerations affect weak-grid
integration. They are: 1) The impedance of the grid (which
impacts the short-circuit capacity of the PCC); 2) the type of
the grid impedance (considered by the ratio of Xcia/Raria);
3) the inertia of the grid at the PCC; and 4) last but not least,
the PLL controller [40], [43]. Each of them should be tackled
individually. As [40] introduces one of the possible methods,
it takes care of each of them through separate modules in a
modular control structure. It is worthy of note that designing
a novel controller for weak-grid integration is not part of this
article’s principal scopes. Then, the synthesized FS rectifier
is embedded in one of its controls (detailed in [40]) to show
the performance of this article’s proposed system in weak-grid
integration. Therefore, the proposed structure of the FS rectifier
has been applied in the modular control structure discussed in
[40]. Fig. 10 has shown the discussed structure.

Fig. 3, whose parameters have been given with a weak grid
at the PCC detailed in [40], has been simulated considering the
FSs described in Section IV-A1. The control structure proposed
in [40] is enhanced by the FS rectifier introduce herein. Also,
two test cases have been simulated in order to examine its per-
formance. Here, Test Cases I and II described in [40] have been
simulated. Test Case I deals with high reactive power variation
and low active power change at the beginning. Afterward, the
power factor (PF) is changed from 0.95to 1.0 at# = 1.5 s, and
the active power is varied from 0.5 to 1.00 pu at t = 3.0 s.
The grid has been simulated for the worst case of weak-grid
conditions, i.e., short-circuit capacity ratio (SCCR) equals to 1
and inertia constant of H = 1. Test Case II considers high active
power change and low reactive power variation at the beginning.
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Fig. 11. Simulation of Fig. 3 connected to a weak grid with the controller
detailed in Section IV-A3; Test Case I. (a) Active power of Ppcc injected
into PCC with/without FS. (b) Reactive power of Qpcc injected into PCC
with/without FS; and Test Case II: (c) Active power of Ppcc injected into PCC
with/without FS. (d) Reactive power of Qpcc injected into PCC with/without
FS.

Afterward, in Test Case II, the active power is varied from 1.0 to
0.5puat?z=1.5s,and the PFis altered from 1.0to 0.95 at = 3.0
s again for SCCR = 1 and H = 1. The results of Test Case I with
the introduced FS rectifier have been shown in Fig. 11(a)—(b),
and those of Test Case II using the discussed FS rectifier have
been depicted in Fig. 11(c)—(d). Other signals, e.g., frequency,
voltage signals, and so on, can be found in Figs. 4— 7 in [40].

B. Comparative Results of Other Approaches

This subsection demonstrates comparative simulations. They
show the GC-VSI using a different FS rectifier and a sliding-
mode-based fault observer. In order to make this compari-
son, first, a similar design with less sophisticated adaptive
dynamics is designed in detail, and its outcomes have been
depicted. Second, another approach, which uses a conventional
proportional-integral-based (PI-based) controller in dg-frame
augmented with another sliding-mode-based fault observer, has
briefly described. Its results have been shown. Hereinafter, the
former is named “Method #1,” while the latter is called “Method
#2. as discussed below.

1) Method #1: In this subsubsection, the proposed FS rec-
tifier is designed, but with less information involved in the
dynamics of the adaptive dynamics detailed in (9).

Now, an adaptive FS identifier for the system of (5) is syn-
thesized. First, the vector of sliding surface s and an auxiliary
variable z are defined as

Snew = Znew — Y, = Snew = Znew — Cx — E.fFS
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= E.fFS = Znew — Cx — Snew-

Therefore, Spew = Znew — Yy = Snew = Znew — C — E fg

= Efps = Znew — CT — Spew. (36)
Now, supposing || E frs|l2 < anew.» Where apeyy > 0 is an un-
known constant, we define “new” adaptive dynamics as

{ znew =Cz— (knew + dnew)Sign(snew) (37)

dnew = Thew ||snewH2

where kpeyw > 0 and 7, > 0 are constants.

The theorem below proves that the adaptive dynamics of (9)
are stable, as shown in the following theorem.

Theorem 3 (Stability of the “newly” designed FS rectifier):
Consider the uncertain system of (5) along with the auxiliary
variables of Spey and zyy, defined above. The origin is the stable
equilibrium point of the adaptive dynamical FS “rectifier” of
(37).

Proof: The Lyapunov function of Viecipew (t) is defined as

1 1
‘/;ect—new (t) = §||3newl|§ =+ %aﬁew (38)
~ A A~
where anew = Qnew — Ginew-
From (38)
. B A O;[new N 39)
Viect-new (t) = SpewSnew — 7(anew - anew)- (
Tlnew
From (36) and (37), (39) is expressed as
Vrect—new (t) = SnTew(znew - Czx — EfFS)
- ||3new||2(anew - OA‘new)~ (40)

As aresult, (37) and (40) conclude
Vrecl—neW(t) < 'Sx?ew(znew - Cz) + ||8111;W||2||EfFS||2
- HSHGWHQ(amW - dnew)

= V;ect—new(t) < Sz;w (_(knew + OAénew)Sign(snew)) + QHSH2
(41)

- Hsnew”Q(anew - dnew)~

From (14) and by using s”'sign(s) = |||, the upper bound
Of Viectnew (t) is described as

Viect-new (t) < - (knew + dnew) Hsnew”l
+ ||SnewH2dnew
= ‘./rect—new(t) < - knew||3new||1

(42)

_dneW”SneWHl + Hsnew||2dnew-

A Negative Term

Inequality (15)—considering [[Snewll2 < || Snewl||1—
concludes Vieernew(t) < 0. Therefore, the proof is completed.
Corollary 3 (Estimation of the FS using new estimator): The

vector of E}FS is defined as E}'FS £ Zpew + Ci, where chs
is defined as an estimation of the FS vector of frg. By defining
frs as the FS error vector, one can prove that frg reaches 0 as
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t— oo (ie., }Fs — 0 as t — o0), or equivalently .Ast reaches
-fFS (i.e., fFS — st) ast — oo.
Proof: Now, E fg is defined as

Efps 2 2oy + Ci. @3)

In (43), }FS is defined as an estimation of the FS fpg. By
defining fpg as the fault error

}Fs:}Fs_fFSaﬁE}Fs:E}Fs_Est« 44)
Equations (44) and (43) conclude
Ef~FS :znew+Cft_fFS' (45)

Also, from (5), E f =y — Cx is obtained. Consequently

Efes=32+Ci—(§— Ci) =% — 4. (46)

Considering the definition of s (i.e., Spew L 2ew — Yy), (46)
becomes E}FS = Znew — Y = Snew-

As a consequence, according to Theorem 3, since s reaches
zero (i.e., Spew — 0) as ¢ goes infinity (i.e., ¢ — co)—based on
Barbalat’s Lemma [36]—and since || E fg |2 and | E frg] are
bounded. it is concluded that }.FS — 0 as t — oo. Therefore,
}‘FS — fps as t — oo, which concludes the proof.

Remark 5: As proved in Corollary 2, it similarly concludes
that the uncertain system of (5) can be controlled by any currently
stabilizing output feedback controller for the VSI considering
the stable sliding-mode-based FS rectifier of the adaptive dy-
namics of (37) and referring to Fig. 4.

The discussed control structure with the newly designed FS
rectifier described above has been used in Fig. 3, whose param-
eters have been provided in Table I. It has been simulated as
detailed in Section IV-A1. The results of the test cases used in
this research have been shown in Fig. 12(a)-(b). As they have
shown, the system’s performance worsens in the presence of
the FSs made in this research. This matter happens because of
the interaction of the FS rectifier and controller. Looking at (9)
and (37)—and comparing them—this poor performance could
be expected since the impact of state vector’s norm (and its
unknown upper bound) has not been seen in Method #1.

2) Method #2: This subsubsection discusses one of the com-
mon designs based on the sliding mode observer of fault. It also
uses the typical PI-based control structure with the decoupling
and feed-forward signals in the dg-frame. As shown in [21], the
authors have benefited from such an approach, whose sliding-
mode-based fault observer has been briefly described below.

Let us assume that the “filtered” signal of the measured output
y [described in (5)] can be written as follows:

cbf:—Af:cf+Afy, a7
where —A ¢ denotes a diagonal positive definite matrix where
time constants of the filter are inverse of the diagonal elements,
and — Ay is a stable matrix. In (47), the filter is stable. As a
consequence, the augmented state-space representation of the
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Fig. 12.  Simulation of Fig. 3 connected to a balanced grid with high short-

circuit capacity using Method #1 detailed in Section IV-B1. (a) Active power of
Ppcc injected into PCC with/without FS. (b) Reactive power of Qpcc injected
into PCC with/without FS.

system is
d5aug = Aaugwaug + Bauguaug + Eaug.fFS (48)
Y = Caugmaug
X u
where x,,, = 2 > Ugug = d
A 0
Aaug = 49)
A0 A
‘B, B,
Bau = 50
g 0 0 (50)
Cug = [0 1] and 1)
0
Eaug = AfE] . (52)

Therefore, the following fault observer can be designed

Lobs = Aaugmobs + Bauguaug — Giegu + Gpv

(53)
Yang = CaugTobs
where x, is fault observer’s state, and
_~Moeoy .
L= ) TV Tadgeqnr 1T Con > 0 5
0. otherwise.

In (54), ey is the output estimation error, M is a symmetric
positive definite matrix with appropriate size and + is an upper
bound on || fggll2. The matrix G, is the gain of traditional
Luenberger observer, which makes (A,ue — G1Cly) stable. G,
is the gain of the discontinuous function of v in (54). The authors
in [44]-[46] have shown that sliding mode observer of the form
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Fig. 13.  Simulation of Fig. 3 connected to a balanced grid with high short-
circuit capacity using Method #2 detailed in Section IV-B2. (a) Active power of
Ppcc injected into PCC with/without FS. (b) Reactive power of Qpcc injected
into PCC with/without FS.

(53) insensitive to fault fg exists for the augmented system if
and only if the augmented system satisfies the following con-
ditions: 1) Rank(CyeFaye) = size(fgg); and 2) the invariant
zeros (if exist) of (Aaug; Faug, Cang) are in the left-half-plane
complex domain. Here, Cyyo Ea = AfE.

The PI-based control structure with the sliding-mode-based
fault observer described above has been employed in Fig. 3,
whose parameters have been found in Table I. It has been
simulated as detailed in Section IV-A1. The results of the test
cases used in this research have been shown in Fig. 13(a)—(b).
As they have shown, the system gets unstable because of the
interactions between the observer and controller in the presence
of the FSs made in this work. This instability problem could be
anticipated because of the instability caused by the decoupling
and feed-forward paths (as reported in [47]) since the fault ob-
server fails to operate. Besides, it is not able to rectify the signals
as there exist “no” adaptive dynamics to deal with the unknown
upper bounds of the FSs. Indeed, this matter is combined with
the instability issue induced by the decoupling and feed-forward
paths introduced in [47].

C. Proposed Approach’s Experimental Results

A test rig has been used in order to conduct experimental
evaluations of an LC L-filter-based GC-VSI. Fig. 14 shows
the setup, which has the same parameters stated in Table L. It
has been utilized to test the GC-VSI’s performance when the
GC-VSI is being exposed to FSs. The GC-VSI is based on
intelligent power modules from SEMIKRON, including insu-
lated gate bipolar transistors (IGBTs) built by “SKM 50 GB
123 D” modules, “SKHI 22 (AR)” gate drives, and protection
circuitry. The switching frequency has been set to 8.1 kHz. The
dc-link capacitance and inductance are 2.04 mF and 1.50 mH,
respectively. The three-phase GC-VSI is operated at 30 A, 208
V (line-to-line rms), and 400 V (dc), which are all similar to the
parameters employed in the simulations.

“IsoBlock I-ST-1c¢” current sensors and “IsoBlock V-1¢” volt-
age sensors from Verivolt Company measure the currents and the
voltages, respectively. “MicroLabBox (MLBX)” from dSPACE
connects the GC-VSI under test to the measurement and drive
printed circuit boards. A dual-core, 2 GHz “NXP (Freescale)
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Fig. 14.

Test rig used in the experiments.

QorlQ P5020” real-time processor has executed and run the pro-
posed control algorithm. “Xilinx Kintex-7 XC7K325T” field-
programmable gate arrays (also known as FPGAs) have gener-
ated the PWM signals connected to digital inputs/outputs (I/Os).
The MLBX interface board consists of eight 14-bit, 10 megasam-
ples per second (Msps), differential analog-to-digital channels to
interface the measured signals to the controller (with the func-
tionality of free-running mode). The Real-Time-WorkShop in
the MATLAB Simulink environment has generated the software
code.

The same test cases as those in simulations in Section IV-A1
have been replicated here. As regards this matter, a similar test
case—elaborated in Section IV-Ala—has been repeated here.
Then, both active power and reactive power are first set to zero.
Next, the reference signal of active power Ppcc is set to 0.6 pu.
Then, while the other condition still exists, the reactive power
Qpcc is set to 0.3 pu. Fig. 15 is the counterpart of Fig. 5. It shows
the emulated FSs, which are matched with those counterparts
in simulations. Fig. 16 has shown the experimental results of
the active/reactive power with FSs and its relevant references.
In that figure, the actual active power, its reference, the actual
reactive power, and its reference have been shown by traces in
blue, magenta, cyan, and green, respectively, with 5.40 kW/div
and 5.40 kvar/div, noted on the figure as well. Also, the V/div
of each channel has been shown at the left-bottom corner for all
variables in per unit (pu). Fig. 16(a) shows the whole snapshot
of the experiments. Fig. 16(b) shows the experimental results
associated with Fig. 6(a), and Fig. 16(c) demonstrate Fig. 6(b)’s
counterpart in experiments. Last but not least, in order to check
the performance of the proposed sliding-mode-based FS recti-
fier, an equivalent of Fig. 7 has been demonstrated in Fig. 17
with almost the same colors. In Fig. 17, FS 10 i34, vcd, 124, and
U¢q (all in pu) have been shown by traces in blue, cyan, magenta,
and green, respectively—with 0.5 volts per division (V/div), also
noted on the left-bottom corner of the figure. All pu bases are
the y’s arrays’ values of the GC-VSI’s operating point.

Simulations and experiments show good agreement with each
other. In this regard, Figs. 5-7 are in excellent agreement with
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Fig. 15.  Experimental results. (a) FS to 24, 724, Vcd, and veq [all in per unit
(pu)] have been shown by traces in blue, cyan, magenta, and green, respectively,
with 0.5 volts per division (V/div) noted at the left-bottom corner of the figure.
(b) the enlarged view of Fig. 15(a) (with 100 ms/div). (c) Enlarged view of
Fig. 15(a) (with 20 ms/div).

their equivalents, i.e., Figs. 15-17. Those consistent results
reveal the effectiveness of the proposed faulty-signal-tolerant
control for the GC-VSIs. Similarly—as shown in Figs. 16 and
17—the proposed FS rectifier is able to rectify the signals while
embedded into the zero-level control and rigorously stabilize
Ppce and Qpcc. Accordingly, if the used CPS cannot prevent
something from coming into the zero-level control, the system
is able to function by itself.

V. CONCLUSION

As cyber threats necessitate us considering cybersecurity
into systems from the beginning of the design process, this
article has proposed a faulty-signal-tolerant control for PQ-
controlled, grid-connected VSIs. It makes the grid-connected
operation mode of VSIs more reliable for being employed in
the modernized microgrids based on cyber-physical systems.
The introduced controller is based on the sliding mode FS
rectifier. As a result, it has provided a robust rectifier of FSs.
Besides, the synthesized sliding-mode-based rectifier has an
adaptation mechanism to take care of unknown bounds of the
signals externally manipulated by FSs. Therefore, a new theory,
including proof and other required mathematical analyses for the
stability based on the Lyapunov criterion, has been presented.
The proposed controller’s simulation results and experiments in
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Fig. 17.  Experimental results for the performance of the rectifier employed in
generating Fig. 16.

the closed-loop system (when exposed to FSs virtually manipu-
lating the outputs) have been displayed. They have revealed the
effectiveness of the faulty-signal-tolerant control detailed in this
research.
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