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Optimal Perturbation Tolerance in VSC-Connected
Hybrid Networks Using an Expert System on Chip

Brook W. Abegaz , Member, IEEE, and Satish M. Mahajan, Senior Member, IEEE

Abstract—A major challenge in the stable operation of hybrid
power networks is that such systems operate under the influence of
perturbations from source fluctuations and from dynamic storage
operations. In the current practice, hybrid power networks are op-
erated and controlled by higher-level supervisory control systems
using approaches such as the droop control logic that may not make
use of the accurate network models, full-state measurements, and
learning mechanisms to deal with the convoluted perturbations on
voltage source converters (VSCs). These perturbations could re-
sult from natural variations, parameter uncertainties, grid faults,
variable loadings, controller settings, and other exogenous distur-
bances. So far, these perturbations have been considered as lumped
terms that do not represent the correlation of perturbations across
the network components. In this paper, an integrated, on-chip ex-
pert system (EXPSOC) is proposed to compute the correlation
between power variables in separate modules, to perform state
estimation of power and voltage variables and to improve the tol-
erance of perturbations in the hybrid networks. Results show the
optimality of the approach in controlling dynamic power pertur-
bations and in keeping the stability of the voltage, frequency, and
power variables at the level of grid-connected VSCs.

Index Terms—Converters, estimation, expert systems, ob-
servers, perturbation methods, stability.

NOMENCLATURE

A. Perturbation Analysis on Source Converters

u, x, y Input vector u ∈ R, State vec-
tor x ∈ R , and output vector y ∈
R .

f(x), g(x), h(x) Vector fields.
Va, Vb , Vc Three-phase, grid-side converter

voltages.
Vde , Vqe d-axis and q-axis components of

Va , Vb , and Vc.
ia , ib , ic Three-phase grid currents.
id , iq d-axis and q-axis components of

ia , ib , and ic .
V ′
a , V

′
b , V

′
c Three-phase grid voltages.
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V ′
de , V

′
qe d- and q-axis components of

V ′
a , V

′
b , and V ′

c

w, C Angular speed of three-phase
grid voltages and dc-link capaci-
tance.

R, L Equivalent resistance and induc-
tance between the grid-side VSC
and the grid transformer.

Vdc, idc Voltage and current of the
dc-link capacitor.

idc1 , idc2 Source-side and grid-side
dc-link current.

B. Perturbation Analysis on Storage Converters

PVSC Power at the converter terminals.
vdclink, idc Dc-link voltage and the current

to/from the dc–dc converter.
vdclink−ref Reference dc-link voltage.
vd, id Direct component of the voltage

and current to/from the VSC.
vq , iq Quadrature component of the

voltage and current to/from the
VSC.

m,φ Modulation index, angle of
Park’s transformation.

d1 , d2 Switching starting and ending in-
tervals.

Ts Operational period of the dc-dc
converter.

S1 , S2 MOSFET switches.
C1 , C2 Input capacitance, dc-link

capacitance.
L4 Inductance between the storage

unit and the connected VSC.
Rload Equivalent resistance of the VSC

and the grid.
iL , Ipeak Inductor current and peak cur-

rent.
VESS, RESS Voltage and internal resistance of

storage units.
x, dx

dt ,Δx Error and differential error
amounts.

ΔiL Inductor current differential
perturbation.

Δvin,Δvdclink Input and dc-link voltage differ-
ential perturbation.
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C. Differential and Algebraic Relations

Lf h(x) Differentiation of h(x) with re-
spect to f(x).

B(x) Nominal control gain.
y

(n)
i , yest

i , y
init
i , ymeas

i nth derivative of output i and the
estimated, initial and measured
output values.

vi New inputs of the linearized sys-
tem i.

αij , mc, r Power flow assortativity, power
modularity, and number of lines
with power flow L.

stri Strength of power flow on
branch i.

dV ref, i

dt Reference voltage perturbations.
Pi, Fi,j Power capacity and flow amount

between terminals i and j.
kij , eij Controller gains and related

errors.
s, L Modular group index and level of

power flow.
PiPi/2L Power flow between terminals i

and j.
ψi, ψ

est
i Perturbation of subnetwork i and

its estimate.
Bi(x), Ci(x), B(0), C(0) Nominal control gain and pertur-

bation propagation matrices and
their initial values.

I. INTRODUCTION

T he highly stochastic nature of voltage and power pertur-
bations from hybrid sources and the dynamism of storage

operations affect the stable and efficient operations of hybrid
power networks. The perturbation problem is exacerbated by the
presence of numerous operational entities, which have highly
complex and real-time communication requirements. If a hy-
brid power network is subjected to imbalances, fluctuations, or
external disturbances, the consequences could be rather severe,
which include malfunctioning nodes [5], broken links [6], and
even cascaded failures [7], [8]. Singular perturbations occurring
in power systems have been widely addressed in the literature
[1]–[6]. However, convoluted perturbations from multivariable,
hybrid sources have not been fully addressed since such analy-
sis may involve large system complexity and require highly dy-
namic computations. Unmatched convoluted perturbations are
problematic in power networks that are largely composed of
continually dynamic sources, which often are long distances
apart to manage their stochasticity on an individual basis. The
adverse effects of such perturbations could go from node imbal-
ances to cascaded node and link failures. These severe results
imply that there is a need for an active management mechanism
using intelligent control methods as highlighted in [7] for power
networks operating under nonlinear variabilities from multiple
sources. Thus, for hybrid networks to be utilized in a dependable
manner, their system characteristics need to be analyzed at the

network interface level, and ways to improve stability need to
be computed in near real-time domains.

The stability of power networks consisting of significant stor-
age units has been investigated extensively in recent literature
[8]–[11]. Nevertheless, hybrid power networks consisting of
dc–dc and dc–ac converter connected storage systems that are
exposed to multiple perturbations have not yet been investi-
gated targeting improved perturbation tolerance. Such an analy-
sis could be very useful in systems where the dynamic operation
of grid-connected storage units such as plug-in electric vehicles
could potentially introduce multiple perturbations that could go
unresolved and may negatively affect the stability of the entire
power network. In storage systems interfaced with a voltage
source converter (VSC), perturbations related to the internal
resistance, capacitance, and voltage of a storage system could
affect the overall system stability. Whenever there are varia-
tions in the state of charge, depth of discharge (DoD), or usage
frequencies of storage units, convoluted effects of the small
multiple perturbations could have larger effects on stability. For
instance, the equivalent series resistance of a storage unit could
increase up to 130% when the storage unit is discharged at var-
ious DoD values or due to variations in ambient temperature
[12]. Furthermore, although it is generally expected that storage
systems could experience a lower degradation rate if they are
subject only to fewer discharge cycle variations or perturbations,
the amount of storage capacity degradation due to the exposure
to a series of perturbations has not fully been addressed in the
literature and has been left for future work in [12]. Literature in
this research area has mainly focused on the study of systems
consisting of a few operational converters [13], [14]. Various
converter and inverter control strategies including the droop
control logic method and signal injection method have been
proposed in [15]–[17]. In some of these studies, the convert-
ers were modeled as ideal voltage sources without considering
perturbations from dissipative impedances. Thus, the voltage
and power dynamics that could represent perturbations at the
converter terminals were not fully considered. In some other
studies, stability analysis was performed offline without an in-
tegrated scheme that could provide prompt and logical responses
to perturbations within small transition and propagation times.

Recent studies in this area have started using the artificial in-
telligence based approaches for power system operational anal-
ysis. These include analyzing the nontechnical losses in power
systems [1], the active power curtailment, and overvoltage pre-
vention in low-voltage feeders [2], and the robust control of
distributed generation systems under voltage sags [3]. While
most of these studies are based on learning and estimation based
operations, they do not fully address the tolerance of power per-
turbations during disturbances and uncertainties. Moreover, the
optimal perturbation tolerance approach for power networks is
yet to be identified on the basis of comparative performance and
reliability metrics. Such an approach could solve power pertur-
bations at the points of common coupling or at the levels of the
VSCs in the power network.

A knowledge-based expert system is a computational ma-
chine that emulates decision making in large-scale, complex
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Fig. 1. VSC interconnection of an ac-source and the grid.

processes by observing the continuous changes in operational
variables, building a set of conditions and developing well-
defined tasks [18]. Challenges in hybrid networks related to
multiple voltage, frequency, and real and reactive power pertur-
bations could be resolved if optimal planning and control mech-
anisms are performed by using an integrated expert system.
This paper presents such an integrated expert system approach.
The proposed expert system provides real-time learning based
solutions by using new spatiotemporal variables, which could
be used to select the state of modulation of a group of power
converters for optimal perturbation resistance in the power elec-
tronic network. Furthermore, the expert system compares and
implements various algorithms to identify an optimal nonlinear
control action within operating margins for perturbation toler-
ance in the network. This kind of expert system based perturba-
tion resistance, resilience, and tolerance improvement of a VSC-
connected hybrid power network has not yet been presented in
the literature. Moreover, the extension of the proposed strat-
egy to emerging hybrid network technologies is an anticipated
advantage of the proposed integrated expert system approach.

II. PROBLEM FORMULATION

Stability problems in power networks are related to the dy-
namic perturbations during the operations of sources, loads, and
storage units. These perturbations could arise from natural vari-
ations, parameter uncertainties, grid faults, variable loadings,
controller settings, and other exogenous disturbances, which
have so far been considered to result in lumped perturbation
terms that do not represent the correlation of perturbations across
the network components. In hybrid networks, the normal oper-
ations of dc–dc, dc—ac, and ac–ac VSCs connected to sources,
loads, and storage units are affected by the dynamic voltage,
frequency, and power perturbations.

A. Perturbations on Source Connected VSC

A VSC connected ac-power source is shown in Fig. 1 [4].
The state model of the grid-side VSC and the dc-link capacitor
is given in (1)–(7) [19], where the state vector x ∈ R, the input
vector u ∈ R, the output vector y ∈ R, and the vector fields
f(x), g(x), and h(x) are expressed in the relations. The three-
phase grid side converter voltages Va, Vb , and Vc have a d-axis
component Vde and a q-axis component Vqe . The three-phase
grid currents ia , ib , and ic have a d-axis component id and a q-
axis component iq . The three-phase grid voltages V ′

a , V
′
b , and

V ′
c have a d-axis component V ′

de and a q-axis component V ′
qe ,

and an angular speed w. The resistance and inductance between
the grid-side VSC converter and the grid-side transformer are

Fig. 2. VSC interconnection of a dc–dc converter based storage system and
the power grid.

given as R and L. The dc-link capacitor C has voltage and
current values given as Vdc and idc. The source side dc-link
current is given as idc1 and the grid side dc-link current is given
as idc2

ẋ = f (x) + g1 (x)u1 + g2 (x)u2 (1)

x =
[
id iq Vdc

]T
(2)

f (x) =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

1
L
V ′
de − R

L id + wiq

1
L
V ′
qe −

R

L
iq − wid

3V ′
deid

2CVdc
− idc2

C

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

(3)

g1 (x) =
[
− 1
L

0 0
]T

(4)

g2 (x) =
[

0 − 1
L

0
]T

(5)

u = [u1 u2 ]
T = [Vde Vqe ]

T (6)

y = [y1 y2 ]
T = [h1 (x) h2 (x)]T = [iq Vdc]

T . (7)

Source disturbances are represented by changes in the source
side dc-link current idc1 that could be caused due to the variable
active power generated from the ac-source due to the variability
of the connected sources. In addition, disturbances from load
imbalances and grid faults could cause the dc-link voltage Vdc

and the grid-side currents id and iq to vary beyond safe limits.

B. Perturbations on Storage Connected VSC

Electronic interfaces for storage systems mainly consist of
dc–dc converters and dc–ac VSCs that change the output volt-
age level or convert the dc-voltage to an ac-voltage. A three-
phase VSC has been studied in the literature, where a generic
model was developed as given in Fig. 2 [20]. The VSC transfers
real power to or from the grid depending on the charging or
discharging state of the storage system. The state of the storage
unit determines if the phase angle of the converter leads or lags
the phase angle of the connected grid. The amount of power
PVSC that flows in or out of the VSC is calculated from the dc-
link voltage Vdclink and the dc current idc to or from the dc–dc
converter as given in (8).

The fundamental frequency of the output voltage of the VSC
is related to the dc-link voltage and the modulation index m
of the VSC. The dc-link current is related to the direct id and
quadrature iq components of the output current of the VSC as
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given in (9), and the amount of power transferred between the
converter terminals and the grid is computed as given in (10)

PVSC = Vdclinkidc (8)

idc =
3
4
m(cos(φ)iq + sin(φ)id) (9)

PVSC =
3
2

(idVd + iqVq ) . (10)

Perturbations of the ac-side direct id and quadrature current
iq components affect the dc-side current and need to be bal-
anced by changing the duty cycle of the dc–dc converter. On
the other hand, high-frequency switching could result in voltage
and current fluctuations and poses an instability problem. The
state-space equations for the switching of the dc–dc converter
relate the switching intervals d1 and d2 (11), the peak current
Ipeak in the operational period of the dc–dc converter Ts (12),
(13), the inductor current iL (14), (15), the equivalent resistance
Rload of the VSC and the grid circuit it is connected to, the
dc-link voltage Vdclink (16), the input voltage Vin (17), and their
differential error (18) [11], [21]

⎡

⎢
⎣

diL
dt

dVdclink

dt

⎤

⎥
⎦ =

⎡

⎢
⎢
⎢
⎢
⎣

0 − d2

L4
d2

C2

d1 + d2
− 1
RloadC2

⎤

⎥
⎥
⎥
⎥
⎦

[
iL

Vdclink

]

+

⎡

⎣
d1 + d2

L4

0

⎤

⎦Vin

(11)

iL =
Ipeak

2
(d1 + d2) (12)

Ipeak =
Vin

L4
d1Ts (13)

d2 =
2L4iL
d1TsVin

− d1 (14)

diL
dt

=
2L4

d1Ts

(
Vdclink

Vin
− 1
)
− d1Vdclink

L4
(15)

dVdclink

dt
=
iL
C2

− d2
1TsVin

2L4C2
− Vdclink

RloadC2
(16)

dVin

dt
=
VESS − Vin

RESSC1
− iL
C1

(17)

dx

dt
= Vdclink−ref − Vdclink. (18)

Equation (11) could be written in a state-space model of the
dc-link capacitor and the grid-side VSC as given in (19) and
(20), where u ∈ R is the input vector in (21), x ∈ R is the state
vector in (22), y ∈ R is the output vector in (20), f(x), g(x),
and h(x) are vector fields in (23)–(25)

ẋ = f (x) + g1 (x)u1 + g2 (x)u2 (19)

y = h (x) = [Vdclink] (20)

u = [Vin] (21)

x =
[
iL Vdclink

]T
(22)

f (x) =

⎡

⎢
⎣

−d2Vdclink

L4
d2iL

C2 (d1 + d2)
− Vdclink

RloadC2

⎤

⎥
⎦ (23)

g1 (x) =
[

(d1 + d2)
L4

0
]T

(24)

g2 (x) =
[
0 0

]T
. (25)

III. LINEARIZATION AND PERTURBATION ESTIMATION

The nonlinearity of the VSC systems described in the prob-
lem formulation in (1)–(7) and (19)–(25) could be linearized
to estimate the interactions during perturbations. For a nonlin-
ear, multiple-input, multiple-output (MIMO) system described
using a control input vector u ∈ R, an output vector y ∈ R, a
state vector x ∈ R, and vector fields f(x), g(x), and h(x), the
output y could be differentiated until the input appears in order
to linearize the system as given in (26)–(30) [22]. If the differ-
entiation is performed n times using the Lie derivative approach
[23], the input output relation could be described and the system
i could be controlled as a linear system with new inputs of the
system vi and a nominal gain B(x) as given in (31) and (32)

dy

dt
= ẏ = ḣ (x) .ẋ =

dh (x)
dt

.f (x) +
dh (x)
dt

.g (x)u

(26)

Lf h (x) =
dh (x)
dt

.f (x) ;Lgh (x) =
dh (x)
dt

.g (x) (27)

ẏ = Lf h (x) + Lgh (x)u (28)

y
(n)
i = Lnf hi +

m∑

j=1

Lgj L
n−1
f hiuj (29)

⎡

⎢
⎢
⎣

y
(n)
1
...

y
(n)
m

⎤

⎥
⎥
⎦ =

⎡

⎢
⎣

Lnf h1
...

Lnf hm

⎤

⎥
⎦+B (x)∗

⎡

⎢
⎣

u1
...
um

⎤

⎥
⎦ (30)

B (x) =

⎡

⎢
⎣

Lg1L
n−1
f h1 . . . Lgm L

n−1
f h1

...
...

...
Lg1L

n−1
f hm . . . Lgm L

n−1
f hm

⎤

⎥
⎦ (31)

y
(n)
i = vi. (32)

A. Linearization on Source Connected VSC

For a MIMO source connected VSC system given in (1)–(7),
the input output and feedback linearization could be performed
by differentiating the output until the input appears; therefore,
the nth derivative of the output could be computed as given in
(26)–(30) to yield the following:

L
(1)
f h1 =

1
L
Vqe − R

L
iq − wid (33)

L
(2)
f h1 =

(
3Vdeid
2CVdc

− idc2

C

)′
=

3Vde
( 1
L Vde − R

L id + wiq
)

2CVdc

− 3Vdeid
2CV 2

dc

(
3Vdeid
2CVdc

− idc2

C

)
− (idc2)

′

C
(34)

B (x) =

[
0

(
R
L − w

)/
L

3Vde/2CLVdc
0

]

. (35)
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The source connected VSC system could be linearized as
given in (36)–(42) using new inputs of the system v1 and v2
(
u1
u2

)
= B(x)−1

(
−L(1)

f h1

−L(2)
f h1

+
v1
v2

)

(36)

ẏ1 =
(

1
L
Vqe − R

L
iq − wid

)
+
((

R
L − w

)/

L

)
u1 (37)

ÿ2 =

(
3Vde

( 1
L Vde− R

L id+wiq
)

2CVdc
− 3Vdeid

2CV 2
dc

(
3Vdeid
2CVdc

− idc2

C

)

− (idc2)
′

C

)
+
(
3Vde/2CLVdc

)
u2 (38)

v1 = ẏ1r + k11e1 (39)

v2 = ÿ2r + k21 ė2 + k22e2 (40)

v1 =
(

1
L
Vqe − R

L
iq − wid

)
+
((

R
L − w

)/

L

)
u1 + k11e1

(41)

v2 =

(
3Vde

( 1
L Vde− R

L id+wiq
)

2CVdc
− 3Vdeid

2CV 2
dc

(
3Vdeid
2CVdc

− idc2

C

)

− (idc2)
′

C

)
+
(
3Vde/2CLVdc

)
u2 + k21 ė2 + k22e2 . (42)

B. Linearization on Storage Connected VSC

For a MIMO storage connected VSC system given in
(19)–(25), the input output and feedback linearization could be
performed by differentiating the output until the input appears,
therefore, the nth derivative of the output could be written
given as

LgL
n−1
f h1 = ∇

(
Ln−1
f h1

)
.g =

∂

∂x

(
Ln−1
f h1

)
.g1 (x)

=
∂

∂iL

(
Ln−1
f h1

)
.g1 (x) +

∂

∂Vdclink

(
Ln−1
f h1

)
.g1 (x) .

(43)

To calculate the control gain matrix B(x) given in the form
of (31) for the storage connected VSC system, (44) to (48) are
used

Lf h = h.f =
∂h

∂x
.f =

dVdclink

diL

⎡

⎢
⎢
⎣

0 −d2Vdclink

L4

d2iL
C2 (d1 + d2)

− Vdclink

RloadC2

⎤

⎥
⎥
⎦

+
dVdclink

dVdclink

⎡

⎢
⎢
⎣

0 −d2Vdclink

L4
d2iL

C2 (d1 + d2)
− Vdclink

RloadC2

⎤

⎥
⎥
⎦

=

⎡

⎢
⎢
⎣

0 −d2Vdclink

L4
d2iL

C2 (d1 + d2)
− Vdclink

RloadC2

⎤

⎥
⎥
⎦ (44)

Lg1L
0
f h = Lg1 h =

∂h

∂x
.g1 =

(d1 + d2)
L4

(45)

Lg2L
0
f h = 0 (46)

Lg1L
1
f h =

d

dx

[
∂h

∂x
f

]
.g1 =

d

dx

[
∂Vdclink

∂iL
f +

∂Vdclink

∂Vdclink
f

]
.g1

=
d

dx

⎡

⎢
⎢
⎣

0 − d2

L4
Vdclink

d2iL
C2 (d1 + d2)

− Vdclink

RloadC2

⎤

⎥
⎥
⎦ .g1 =

⎡

⎢
⎣

0 0

d2

C2 (d1 + d2)
0

⎤

⎥
⎦ .g1

+

⎡

⎢
⎢
⎣

0 − d2

L4

0 − 1
RloadC2

⎤

⎥
⎥
⎦ .g1 =

⎡

⎢
⎢
⎣

0 − d2

L4
d2

C2 (d1 + d2)
− 1
RloadC2

⎤

⎥
⎥
⎦

·
[

(d1 + d2)
L4

0
]T

=
d2

C2L4
(47)

B (x) =

[
(d1 + d2)/L4
d2/C2L4

]

. (48)

The derivatives of the output are then calculated as given in
(49)–(52), whereas the inputs of the linearized storage connected
VSC system are calculated as given in (53) and (54).

F1 (x) = −d2Vdclink

L4
(49)

F2 (x) =
d2

C2 (d1 + d2)
− 1
RloadC2

(50)

ẏ1 = −d2Vdclink

L4
+
(

(d1 + d2)
L4

)
u1 (51)

ÿ2 =
d2

C2 (d1 + d2)
− 1
RloadC2

+
(

d2

C2L4

)
u2 (52)

v1 =
(
−d2Vdclink

L4
+
(

(d1 + d2)
L4

)
u1

)
+ k11e1 (53)

v2 =
(

d2

C2 (d1 + d2)
− 1
RloadC2

+
(

d2

C2L4

)
u2

)

+ k21 ė2 + k22e2 . (54)

C. Perturbation Observer

For a perturbation vector ψ and nominal control gain B(0),
the source and storage connected VSC system equations could
be related to the amount of perturbation. The perturbation ob-
server modeled in this paper is as given in (55). This observer is
unique in that it calculated the propagated amounts of perturba-
tion C(x) from the power network variables into the estimated
perturbation at the converter terminals as given in (55). The sys-
tem equations could be written using the computed perturbation
term as given in (56)

[
ψ1 (x)
ψ2 (x)

]
=
[
Lnf h1

Lnf h2

]
+
[
B1 (x) −B1 (0)
B2 (x) −B2 (0)

] [
u1
u2

]

+
[
C1 (x) − C1 (0)
C2 (x) − C2 (0)

]
(55)

⎡

⎢
⎣

yn1
...
ynm

⎤

⎥
⎦ =

⎡

⎢
⎣

ψ1
...
ψm

⎤

⎥
⎦+ [B (0)] ∗

⎡

⎢
⎣

u1
...
um

⎤

⎥
⎦+ [C (0)] . (56)
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The perturbation observer performs a new technique, where
new network analysis based perturbation computation is per-
formed for converters in power modules. The new estimates of
the subsystem variables yest

i and their derivatives are computed
in (57)–(59) using the power assortativity and power modularity
variables in (60) and (61). The power flow assortativity coeffi-
cient is a correlation coefficient between the weighted flows of
all branches between nodes. A positive power flow assortativity
coefficient indicates that nodes are connected to other nodes
with similar power flow characteristics. This relation is used
to determine the propagation of perturbations across the hybrid
network, where the correlation of power flow profiles could
indicate the strength of connection between nodes. The power
flow assortativityαik of converter terminals i and k is calculated
as given in (60) from the sum of power flow strengths of lines
between i and k as compared to the total r lines in the power
network. The power modularitymc of converters has been iden-
tified for connected regions (61), where L is the power capacity
level in the network, Fij is the branch power flow between ter-
minals i and j, Pi is the power capacity of terminal i, Pi Pj

2L is
the expected power flow with in levelL between terminals i and
j, s is the grouping index of the module Mc, where si = 1 if
the terminal i is a member of the power module Mc or iεMc

ẏest
i1 = ẏest

i2 +
∑

∀k∈mc

αik∗
(
yk1 − yest

k1
)

(57)

ẏest
in = yi(n) +

∑

∀k∈mc

αik∗
(
yk1 − yest

k1
)

+Bkou+ Cko (58)

ψest
i = ẏest

i(n + 1) =
∑

∀k∈mc

αik∗
(
yki − yest

ki

)
(59)

αik =

(
∑

(stri ∗strk )
r −

(∑( 1
2 ∗(stri +strk ))

r

)2
)

(
∑( 1

2 ∗(stri +strk ))
r −

(∑( 1
2 ∗(stri +strk ))

r

)2
) (60)

mc =
1

4L

N∑

i=1

N∑

j=1

(Fij − PiPj
2L

)sisj . (61)

IV. PERTURBATION TOLERANCE USING EXPERT SYSTEM ON

CHIP (EXPSOC)

A. Perturbation Tolerance Approaches

There are various approaches used in the literature for the
tolerance of perturbations in the context of VSC-connected
hybrid networks. These include feedback linearizing control
(FLC), adaptive nonlinear controller (ANC), vector control and
learning-based approaches including artificial neural network
based control (ANN), and fuzzy logic based approaches. FLC
has been used to generate a complex nonlinear control law using
a full system model, a full-state feedback of all the measured
variables. ANC has been used to reduce the controller complex-
ity without requiring a detailed system model nor a full-state
feedback. Learning-based approaches, such as a fuzzy logic
based, ANN-based, or optimization-based approaches could be

used to take decisions based on measurements. However, the
decision levels may not be updated in the real time, which
could create inaccuracies in real-time operations. In addition,
the power relations of the network components may not be effi-
ciently represented while observing or estimating perturbations
and efficient remedies may not be taken.

An expert system could form a knowledge-base for a detailed
and accurate system model of the hybrid network and could
compute a full-state feedback of all the necessary variables.
It has advantages over the other competing approaches in that
it could build its knowledge base on both the changes on the
converter voltage and power variables and on the correlation
of power network variables. The EXPSOC approach provides
a larger database to store such information and could create
a more realistic identification of perturbation cause-and-effect
relations to take optimal and real-time control decisions and
actions.

B. Nonlinear Perturbation Tolerance

Using the proposed expert system, nonlinear perturbations
could be tolerated by using a control input vector u that is
computed from the output feedback vector v, the computed
perturbation vector ψ and the control gain matrix in (35) and
(48) as given in (62). The nonlinear perturbation tolerance for
source and storage connected VSC systems is performed by
using new control input vectors that are calculated from output
feedbacks of the perturbation observer

u = B−1
0

⎧
⎪⎨

⎪⎩

⎡

⎢
⎣

v1
...
vm

⎤

⎥
⎦−

⎡

⎢
⎣

ψest
1
...
ψest
m

⎤

⎥
⎦

⎫
⎪⎬

⎪⎭

= B−1
0

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

⎡

⎢
⎣

v1
...
vm

⎤

⎥
⎦−

⎡

⎢
⎢
⎢
⎣

∑

∀k∈mc

α1k∗ (yk1 − yest
k1)

...∑

∀k∈mc

αmk∗ (ykm − yest
km )

⎤

⎥
⎥
⎥
⎦

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭

. (62)

C. Perturbation Tolerance on Source VSC

For the system given in (1)–(7), the derivatives of the out-
put and the outputs of the linearized system are calculated in
(36)–(42). Substituting in the final control law yields the control
input vectors as follows:

u1 =
2VdcC0L0

3Vde

(
− ψest

2 + k22 (Vdcr − Vdc)

+ k21

(
V̇dcr − yest

22

)
+ V̈dcr

)
(63)

u2 = − L0
(−ψest

1 + k11 (iqr − iq ) + i·qr
)
. (64)

D. Perturbation Tolerance on Storage VSC

For the system given in (19)–(25), the derivatives of the out-
put and the outputs of the linearized system are calculated in
(49)–(54). Substituting in the final control law yields the control
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Fig. 3. Block diagram of the EXPSOC.

Fig. 4. Implementation of input power, voltage, and angle perturbations and
output Gaussian membership functions

input vectors as follows:

u1 =
L4

(d1 +d2)

(
ψest

1 +
((

(d1 +d2)
L4

)
v1− d2V

est
dclink

L4

)
+k11e1

)

(65)

u2 =
C2L4

d2

(
ψest

2 +
(

d2

C2 (d1 +d2)
− 1
RloadC2

+
(

d2

C2L4

)
v2

)

+ k21 ė2 + k22e2

)
(66)

E. Proposed Expert System on Chip

A functional block diagram of the design of the proposed
EXPSOC is shown in Fig. 3 consisting of three main compo-
nents: a knowledge-base (memory), an inference engine (pro-
cessor), and a control unit. EXPSOC has sets of input and output
Gaussian membership functions, rules of inference, and a look-
up table used to classify convoluted perturbations, as shown in
Figs. 4–6. It implements variable membership functions, rules
and associations using reconfigurable blocks on chip so that es-
timates of perturbations are adjusted in real time. In addition,
EXPSOC consists of a power assortativity and a power mod-
ularity computational blocks, which are used to compute the
network power flow relations and the propagation of perturba-
tions. The processor relates the nonlinear inputs with the power
variables to compute the inputs of the linearized system vi that
cancel the estimated perturbations ψ est

i .
Three new algorithms have been implemented on EXP-

SOC, namely an estimation-based (EXPSOC-EST), fitness-
based (EXPSOC-FIT), and interlacing-based (EXPSOC-INT)
perturbation tolerance, and an optimal implementation of the
three algorithms, labeled (EXPSOC-OPT). The estimation-
based algorithm was based on perturbation estimation based

Fig. 5. EXPSOC rules of inference implementation.

Fig. 6. Surface plot of the control function for increasing power and frequency
perturbations.

on the previous time-step inputs, outputs, and system variables.
The fitness-based algorithm was based on estimation based on
the average perturbation on inputs and system variables. The
interlacing-based approach implemented perturbation estima-
tion based on differential changes of perturbation based on the
last two outputs of the implementation. The optimal algorithm
(EXPSOC-OPT) could select and implement the algorithm that
has been implemented on the EXPSOC that resulted in the
higher perturbation tolerance at every time step of implementa-
tion.

V. EXPERIMENTAL SETUP

A diagram of the experimental setup of the EXPSOC with
a power grid-connected, VSC-interfaced sources, storage units,
and loads in hybrid power networks is shown in Fig. 7. The
power flow variables of voltage, angle, real, and reactive power
are gathered by EXPSOC from both terminals of the VSC. The
processor of the EXPSOC computes estimates of perturbations
based on the spatiotemporal variability of the voltage, angle, and
power variables from the computed power flows as compared
to the values that have been stored in the database. The control
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Fig. 7. Diagram depicting the experimental setup using the integrated expert
system-on-chip (EXPSOC).

Fig. 8. Stability of bus voltages after convoluted perturbations in approaches
using (a) FLC, (b) ANC, (c) ANN.

unit sets the VSC variables according to the optimal perturbation
tolerance decision.

On the experiments, a test system consisting of three gener-
ating sources and nine busses having 100-MVA base and 60-Hz
frequency has been used. The generator, exciter, and governor
parametric values have been set according to a practical power
grid network based on data obtained from the Western System
Coordinating Council (WSCC), which has been used in the liter-
ature [24]. For the sources, three 1-MW wind power generators
have been interfaced as shown in Fig. 1 using a VSC having
a d-axis component of three-phase grid-side converter voltages
Vde (0) = 690 V, a d-axis and a q-axis components of three-
phase grid currents id (0) = −966.18 A, and iq (0) = 0 A,
a dc-link capacitor C voltage Vdc (0) = 1050 V, and a grid
side dc-link current idc2 = −1000 A. For verification, these
values were set to be the same as those that have been used in
[4]. For the storage units, the inductor current iL = 188.5 A,
the average dc-link voltage Vdclink = 600 V, the input volt-
age Vin = 132 V, the voltage and the resistance of the storage
unit VESS = 255 V and RESS = 0.49 Ω were used. For verifi-
cation purposes, these values were set to be the same as the
ones used for experimentation in [11]. The system shown in
Fig. 2 had parameters of L4 = 368 μH, fs = 2 kHz, Rload =
14.4 Ω, Vdclink = 600 V, Pmax = 25 kW, and C1,2 = 20 mF.

VI. RESULTS AND DISCUSSION

The proposed EXPSOC was implemented for the voltage and
power stability of a nine-bus power network with three sources
and three storage units. The results were compared with compet-
ing approaches from the literature. A comparison of the stability
of bus voltages after 10% of reference voltage perturbations is
shown in Fig. 8, where control approaches namely FLC, ANC,
ANN are compared with the EXPSOC that implemented three
new algorithms on the expert system on chip.

Fig. 9. Stability of bus voltages using EXPSOC algorithms (a) Estimation,
(b) Fitness, (c) Interlacing, and (d) Optimal.

Fig. 10. Source 1, 2, 3 converter voltages in FLC, ANC, ANN, and EXPSOC
algorithms (Estimation, Fitness, Interlacing, Optimal).

Fig. 11. Real power from sources 1, 2, 3 in FLC, ANC, ANN, and EXPSOC
algorithms (Estimation, Fitness, Interlacing, and Optimal).

It was observed in Fig. 8 that a 4.4% per unit perturbation on
the converter terminal voltage at 0.25 ms was cleared at 15 ms
using the FLC approach, whereas similar bus voltage stability
was observed at 25 ms for both the adaptive nonlinear controller
and the ANN implementation. Using the EXPSOC with three
different algorithms, the introduced 4.4% per unit VSC voltage
perturbations were cleared before the 5th ms at the bus terminal
voltages as shown in Fig. 9 (a)–(d), showing that the propaga-
tion time of convoluted perturbations could be decreased by at
least 33.3% using the expert system. Moreover, it was observed
that the clearance time of perturbations was synchronized across
all busses using the integrated expert system approach as com-
pared to the other competing approaches shown in Fig. 8. For
the perturbations on the external power, VSC voltage perturba-
tions showed similar exponential stability behavior as shown in
Fig. 10 (a)–(c). It could be seen that only the expert system based
approaches exhibited both the exponential and asymptotic sta-
bilities on the power variables, whereas the other approaches of
feedback linearizing control, adaptive linearizing control, and
neural network approaches showed higher divergence during
external power perturbations as observed in Figs. 10 and 11.

An experimental comparison of the seven approaches has
been performed considering the bus voltages, angles and the
machine voltages and currents as shown in Table I. The
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TABLE I
COMPARISON OF THE APPROACHES

Method And
Variable

FLC ANC ANN EXPSOC-EST EXPSOC-FIT EXPSOC-INT EXPSOC-
OPTIMAL

Bus Voltage 0 to 1050 V
in 100 s

0 to 1100 V
in 100 s

0 to 800 V
in 100 s

0 to 1100 V
in 100 s

0 to 750 V
in 100 s

0 to 1050 V
in 100 s

0 to 750 V
in 100 s

Machine
Voltage

0 to 1050 V
in 100 s

0 to 1100 V
in 100 s

0 to 800 V
in 100 s

0 to 1100 V
in 100 s

0 to 750 V
in 100 s

0 to 1050 V
in 100 s

0 to 750V
in 100 s

Edp −0.32 to −0.8 V
in 10 s

−0.32 to −0.8 V
in 10 s

−0.32 to −0.75 V
in 10 s

−0.32 to −0.8 V
in 10 s

−0.32 to −0.72 V
in 10 s

−0.32 to −0.78 V
in 10 s

−0.32 to −0.72 V
in 10 s

Ef d 4 to 6.5 V and
1.8 V in 10 s

4 to 7 V and 2 V
in 10

3 to 5 V and 1.5 V
in 10 s

3 to 6.5 V and 1.8 V
in 10 s

1.5 to 4.2 V and
1.5 V in 10 s

3 to 1V and 1.8 V
in 10 s

1.5 to 4.2 and 1.5 V
in 10 s

Eqp 1 to 2 V and 1.85 V
in 10 s

1 to 2.1 V and
1.7 V in 10 s

1 to 1.75 V and
1.6 V in 10 s

1 to 2 V and 1.9 V
in 10 s

1 to 1.65 V and
1.5 V in 10 s

1 to 2 V and 1.8 V
in 10 s

1 to 1.65 V and
1.5 V in 10 s

Id 0.7 to 0.2 A
in 10 s

1 to −0.2 A
in 10 s

1 to 0.2 A
in 10 s

0.7 to 0.2 A
in 10 s

0.7 to 1 A and
−0.2 A in 10 s

0.6 to −0.3 A and
0.2 A in 10 s

1 to 0.25 A
in 10 s

Iq −1 to −0.4 A
in 10 s

−1 to −0.4 A
in 10 s

−1 to −0.25 A
in 10 s

−1 to −0.4 A
in 10 s

−1 to −0.3 A
in 10 s

−1 to −0.4 A
in 10 s

−1 to −0.25 A
in 10 s

Psv 0 to −0.6 W
in 10 s

0 to −0.6 W
in 10 s

0 to −0.4 W
in 10 s

0 to −0.6 W
in 10 s

0 to −0.4 W
in 10 s

0 to −0.55 W
in 10 s

0 to −0.4 W
in 10 s

Rf 0.2 to 1.1 Ω and
0.3 Ω in 10 s

0.4 to 1.1 Ω and
0.3 Ω in 10 s

0.2 to 0.8 Ω and
0.3 Ω in 10 s

0.2 to 1.1 Ω and
0.3 Ω in 10 s

0.2 to 0.72 Ω and
0.3 Ω in 10 s

0.2 to 1.1 Ω and
0.3 Ω in 10 s

0.2 to 0.3 Ω and
0.3 Ω in 10 s

TM 0/s to −0.6/s
in 10 s

0/s to −0.6/s
in 10 s

0/s to −0.4/s
in 10 s

0/s to −0.6/s
in 10 s

0/s to −0.4/s
in 10 s

0/s to −0.55/s
in 10 s

0/s to −0.4/s
in 10 s

V 1.1 to 2.2 V and
2.0 V in 10 s

1.1 to 2.2 V and
2.0 V in 10 s

1.1 to 1.9 V and
1.7 V in 10 s

1.1 to 2.2 V and
2.0 V in 10 s

1.1 to 1.8 V and
1.6 V in 10 s

1.1 to 2.2 V and
1.8 V in 10 s

1.1 to 1.8 V and
1.6 V in 10 s

VR ss 9 to 2 V
in 10 s

9 to 2 V
in 10 s

7 to 1.5 V
in 10 s

9 to 2 V
in 10 s

4 to 6 V and 1.5 V
in 10 s

9 to 1 V
in 1.8 s

4 to 6 V and 1.5 V
in 10 s

ω 60 to 62 Hz
in 10 s

60 to 62 Hz
in 10 s

60 to 61.5 Hz
in 10 s

60 to 61.8 Hz
in 10 s

60 to 61 Hz
in 10 s

60 to 62 Hz
in 10 s

60 to 61 Hz
in 10 s

experimental results are in agreement with the results obtained
using simulation. In all of the experiments, the EXPSOC-
optimal approach resulted in an optimal perturbation tolerance
that resulted in smaller changes after the occurrence of a per-
turbation. The stability of the source machine variables was
improved: the bus voltage stability was improved up to 23.81%,
with similar effects on the generator machine voltages, the di-
rect and quadrature machine voltages (Edp and Eqp ), the field
voltage (Efd ), the direct and quadrature machine currents (Id
and Iq ), the controller settings (Psv , Rf ), the reference voltage
(VR ), and the machine frequency (ω) as shown in Table I.

Moreover, the advantages of using the integrated expert sys-
tem were observed in localizing perturbations in voltage, angle,
and real and reactive power amounts. This was achieved by
weighting the variability of node profiles that are on the line
of perturbation propagation. The profiles of directly connected
nodes were correlated in an assortative order as computed by the
expert system; therefore, bifurcation of regions that are stable,
quasi-stable or marginally stable could be investigated. Transi-
tion and propagation times of fluctuations could be predicted
and their amplitudes could be limited. As a result, the amount of
storage that needed to be utilized to tolerate perturbations could
be properly maintained.

VII. CONCLUSION

Perturbation tolerance of converter connected hybrid net-
works has been presented using a knowledge-based approach
based on reference voltage, power, frequency, and angle

relations of the VSC connected sources and storage units op-
erating under convoluted perturbations. An integrated expert
system has been used to select the optimal operating conditions
that resulted in the desired perturbation tolerance characteris-
tics in VSC connected hybrid networks. The knowledge-based
estimation approach could be essential when the mathemati-
cal model of the control process is not available, or when the
computation of exact perturbations is computationally too ex-
pensive. The direct impact of the expert system on chip approach
is resolving the influence of perturbations from source fluctu-
ations and from dynamic storage operations in hybrid power
networks, and increasing the efficiency of converter operations
and the effective utilization of resources. The approach could
also be a basis for real-time monitoring of multiple single-level
and advanced multilevel voltage source converters in the future.
In addition, the reconfigurability of the expert system by updat-
ing its inference with new rules and membership functions is an
advantage over competing approaches, and makes the system to
be implementable on a single chip.
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