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a b s t r a c t

Medium Voltage DC (MVDC) integrated power systems are anticipated to feed the submarines and
surface combatants. The MVDC based power systems use dc/dc converters tightly regulated via high
bandwidth controllers act as constant power loads (CPL’s). The negative incremental impedance of
the CPL’s may result in voltage instability in the system under disturbance. Thus for the efficient
and robust control of the MVDC based power system, this paper proposes a high order sliding mode
control (HOSMC) paradigm based on model-free adaptive super twisting sliding mode control (ASTA-
SMC). This paper initially designs a first-order sliding mode control (FOSMC) and super twisting
sliding mode control (STA-SMC) based on HOSMC DC link voltage controllers. The difficult task of
gain tuning in timely varying conditions is resolved by incorporating adaptive control to STA-SMC.
The proposed controller is validated and compared with pre-presented control schemes under two
test cases using simulation and experimental workbench carried out in dSPACE based hardware in
the loop (HIL) workbench. The adaptive STA-SMC (ASTA-SMC) is compared with FOSMC and feedback
linearization-based control schemes. The stability of ASTA-SMC in finite time is validated using the
Lyapunov stability theorem.

© 2023 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The first nuclear-powered submarine commissioned in 1958
SS Nautilus replaced the diesel-electric submarines (Sami et al.,
021) due to its underwater longevity, high stealth power, and
ess refueling capabilities. These advantages led US Navy to
roject $69 billion for the new highly capable submarine tech-
ologies (Sulligoi et al., 2016). The present nuclear-powered sys-
em uses a medium voltage AC (MVAC) system for its propulsion
ystem. The progress in medium-voltage dc (MVDC) distribu-
ion systems attracted scientists and engineers to improve their
nergy efficiency, components stress and device testing, ves-
el structures, and electrical equipment topologies redesigning.
he loads in the MVDC system are fed through dc-dc power
onverters through buses with short distances. The constant
ower load (CPL) behavior may emerge under larger control
andwidths (Sulligoi et al., 2016). The power stability in the
VDC-based shipboard is a high priority that is affected by desta-
ilizing effect of negative incremental inductance in CPLs (Zhao
t al., 2013). A lot of research is under the focus of researchers
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352-4847/© 2023 Published by Elsevier Ltd. This is an open access article under the
rom various sectors to develop a more stable MVDC power
ystem. Some major technologies operating in MVDC networks
an be found in Fan et al. (2021). Many control schemes are
resented in the literature for dc/dc converter stable control using
arious approaches. For instance, the linearization techniques
nd classical Eigen values-based analysis of proposed control
chemes have been presented and analyzed for the small-signal
odel in Sulligoi et al. (2014), Gu et al. (2019) and Zhao et al.

2015). Other linear controllers like Linear Quadratic Integral
LQI) (Gonzales and Rosales, 2018), H2, H∞ and model predictive
ontrol (MPC) (Chen et al., 2019) scheme have been presented for
AB-based MVDC power system. The linear system shows stable
erformance under single constant loads but fails to handle vary-
ng loaded conditions (Sami et al., 2021). The other techniques
uggested in the literature for MVDC power systems include duty
atio controllers using sliding mode control (SMC) scheme (Zhao
t al., 2013; Du et al., 2020), synergetic control (Cupelli et al.,
014), linearization-based controllers (Cupelli et al., 2014; Sul-
igoi et al., 2012), and backstepping control schemes (Cupelli
t al., 2015). An output voltage control scheme has been proposed
n Sheng et al. (2021) for DC converters operating for MVDC to
ow voltage DC networks. An intelligent control scheme based on
uzzy control theory is proposed in Dai et al. (2021) for MVDC in

raction applications, where a secondary control strategy based
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n a virtual synchronous machine is also introduced. Each tech-
ique mentioned above is improved and has better versions with
ertain limitations. For instance, the linearization-based control
cheme requires special care in the design requirements of the
ystem. The synergetic control scheme proves to be in-efficient
hen operated in terrestrial power systems that require a special
ontrol scheme for stable control. The SMC scheme, which is con-
idered a robust control scheme, is adopted for the MVDC power
ystem to deal with the DC link voltage stability under CPL condi-
ions (Zhao et al., 2013). A very contribution to SMC application in
C-DC converters control with dynamic sliding surfaces has been
nitially presented by shtessel et al. in Shtessel et al. (1998). The
MC has many advantages of robustness and intuitive nature, but
t suffers from severe inherent chattering problems that deterio-
ate the overall control system performance (Ullah et al., 2020;
ami et al., 2020). The high-order SMC (HOSMC) schemes based
uper-twisting algorithm (STA) have been proposed, realized, and
nalyzed in Sami et al. (2021) and Unni and Kumar (2016) to
perate the MVDC power systems more smoothly by suppressing
he chattering in conventional SMC schemes. The STA-based SMC
STA-SMC) improves the system stabilization, and robustness up
o a good extent at the cost of various control parameters designs
o handle chattering and various uncertain disturbances.

The STA-SMC produces a continuous control action that atten-
ates but cannot eliminate the chattering due to the discontin-
ous function under the integral action. The STA-SMC effective
hattering suppression capabilities make it less robust against
he system variable or uncertainties growing with time (Wang
t al., 2021). The STA-SMC also requires the disturbance gradient
oundary information, which is not easy to calculate or esti-
ate. The overestimation of the disturbance gain results in larger
ains. Several solutions have been proposed in the literature to
andle the STA-SMC limitations. For instance, the STA-SMC is
ombined with an observer to compensate for the disturbance in
he system (Luo et al., 2018). A newly designed STA-SMC using a
odified sliding surface is proposed in Gao et al. (2020) by en-

arging the integral gain. The high gain improves the disturbance
uppression theoretically, but the enlarged gain leads to system
vershoot and high ripples. Thus, in the presence of bounded un-
ertainties with unknown bounds, STA-SMC with adaptive gains
roves to be the best solution.
Inspired from work presented in Chen et al. (2021) and Sht-

ssel et al. (2012), this paper proposes a HOSMC scheme with
daptive gains for the DC link voltage control of the MVDC power
etwork. This approach can drive the sliding variables and their
erivatives to zero under disturbances, enhancing the sliding
ariable’s stabilization. The adaptive STA-SMC (ASTA-SMC) mini-
izes the chattering by keeping the original advantages of SMC
nd dynamically changes the control parameters without the
rior information of uncertainty bounds. The contributions of
he ASTA-SMC for MVDC power system can be summarized in
he following aspects: (a) The ASTA-SMC controller independent
f uncertainties upper bound information and with predefined
rrors is proposed for MVDC to achieve a stable and smooth
C link voltage under CPL variation and CPL disconnections (b)
he proposed algorithm keeps the inherent advantages of SMC,
emoves chattering, and increases the sliding variable stability by
ynamically adjusting the gains.
Based on the above contributions, this paper is arranged as

ollows: Section 2 introduces the mathematical model of the
VDC system based on IEEE 1709 MVDC system; Section 3 gives

he mathematical modeling of first-order SMC with convergence
nd stability analysis; Section 4 describes the derivation and
athematical proofs of the STA-SMC and ASTA-SMC based con-

rol laws; Section 5 gives the stability analysis of ASTA-SMC based

n Lyapunov stability theorem, that is also further employed to

5763
achieve the variable gains for ASTA-SMC; the numerical analysis
are presented in Section 6 whereas the experimental results
are provided in Section 6.2; finally the paper is concluded in
Section 7.

2. Mathematical modeling of MVDC system

The behavior of power electronic components like motor
drives and electrical motors in MVDC power systems is like
CPL’s under tight regulation. In this paper, the MVDC model
under-consideration is based on IEEE 1709 bus system with
radial topology (Cupelli et al., 2018). The model consists of four
generators (G1 − G4) connected in cascade with buck converter
(C5 −C8) through rectifiers (C1 −C4) to the MVDC bus. The MVDC
on the other side feeds the six thrusters and propulsion (M1−M6)
through AC/DC inverters (I1 − I6) whereas the low voltage loads
(L1 − L3) are fed through dedicated lines using DC/DC and DC/AC
converters. For analysis and modeling, the average value model
is considered, where the ideal voltage generator (Ei) is used for
modeling the generator connected to the RLC filter. Neglecting the
series cable parameters (Cupelli et al., 2018; Xiao et al., 2021), the
CPL’s and MVDC buses are in parallel and can be denoted by the
simplified version as shown in Fig. 1. Thus, the multi-generator
system given of Fig. 1 is represented as follows:
dvz

dt
=

1
CL

iz −
vz

RLCL
−

1
CL

(idz)

diz
dt

=
µ

Li
Ei −

Rz

Lz
iz −

1
Lz

vz,where z = 1, 2, 3, 4
(1)

The subscript i in (1) depicts the ith converter and µ is the
controllable variable and denotes the duty cycle for the convert-
ers. Simplifying the (1) for analysis by replacing iz = i, id =

P1
v

− · · · −
Pz
v

)
, Ez = E, Lz = L, and Rz = R, one gets the

ollowing expression:
dv
dt

=
1
CL

i −
1

RLCL
v −

1
CL

id

di
dt

=
µ

L
E −

R
L
i −

1
L
v

(2)

Here v = VDC is the dc link voltage, i is the load branch
current, id = ICPL = P/v is the CPL current, RL denotes the load
resistance, Ri and Li are the branch resistance and inductance of
the ith converter.

Considering the varying load disturbances and system param-
eter uncertainties, the first-order voltage state–space model is
derived from (2) as
dv
dt

= −
1

RLCL
v +

1
CL

i −
id
CL

+ d (3)

here d is the lumped disturbance, which is assumed to be
ounded and defined as

=

(
−

1
(RL + ∆RL) (C + ∆C)

)
v +

(
1

CL + ∆CL

)
i −

∆id
∆CL

(4)

where ∆RL and ∆C are resistive-load disturbances and capacitor
ncertainties.

. First order sliding mode control design

The linear controllers are the most suitable for linear time-
arying (LTV) systems. Conversely, the MVDC system is nonlinear
s converters are employed to feed the loads through a com-
on MVDC bus. The CPL phenomenon that emerges due to the

arge control bandwidth destabilizes the control system due to
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Fig. 1. MVDC power system: From operating to simplified diagram.
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ts incremental negative resistance. Thus a nonlinear and robust
ontrol scheme is necessary to control the (VDC ) in the MVDC grid
operating under CPL’s. SMC offers a robust and fast convergence
has been a widely used control structure for systems operating
under both external disturbances and internal parametric varia-
tions. The SMC law converges and stabilizes the system states to
the pre-designed sliding surface using a discontinuous switching
function. For simplicity and comprehensive analysis of problem
and control law derivations, the MVDC system can be represented
by a nonlinear and controlled system (Shtessel et al., 2012) given
as:
ẋ1 = x2
ẋ2 = f (x, t) + g(x, t)u

(5)

where x ∈ X ⊂ Rn is a state vector, X is a compact set, f (x) ∈

Rn is nonlinear differentiable function and u ∈ R is a control
input. Therefore, the input–output dynamics can be presented
as (Shtessel et al., 2012):

ṡ =
∂s
∂t

+
∂s
∂x

f (x)  
κ(x,t)

+
∂s
∂x

g(x)u  
ð(x,t)

= κ(x, t) + ð(x, t)u

(6)

Also, it is assumed that:
A1: The uncertain function ð(x, t) ∈ R exists and can be shown

as follows:

ð(x, t) = ð0(x, t) + ∆ð(x, t) (7)

where ð0(x, t) > 0 is a known function and ∆ð(x, t) is a bounded
perturbation so that
|∆ð(x, t)|
ð0(x, t)

= γ (x, t) ≤ γ1 < 1 (8)

∀x ∈ Rn and t ∈ [0, ∞) with an unknown boundary γ1.
A2:. The function κ(x, t) ∈ R is presented as

κ(x, t) = κ (x, t) + κ (x, t) (9)
1 2
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with the bounded terms

|κ1(x, t)| ≤ δ1|s|1/2

|κ̇2(x, t)| ≤ δ2
(10)

where the finite boundaries δ1, δ2 > 0 exist but are not known.
Finally, one gets

ṡ = κ(x, t) +

⎛⎜⎜⎜⎝1 +
∆ð(x, t)
ð0(x, t)  
ð2(x,t)

⎞⎟⎟⎟⎠
  

ð1(x,t)

µ (11)

here µ = ð0(x, t)u. From A1, one gets
A3:

− γ1 ≤ ð1(x, t) ≤ 1 + γ1 (12)

he problem now is to drive the sliding surface s and ṡ to zero
nder disturbance and perturbations in finite time. SMC can effi-
iently fulfill this objective when the boundary of the disturbance
s known. Thus, initially, first-order SMC will be designed using
he surface as an error between the reference and actual states.
n important feature of sliding mode control is its robustness
o uncertainties. To understand this feature, it is important to
istinguish between the matched uncertainty and the unmatched
ncertainty. We should also distinguish between the reaching
hase and sliding phase. During the reaching phase, the tasks of
orcing trajectories toward the sliding manifold and maintaining
hem on the manifold, once they are there, are achieved by the
witching (or discontinuous) control, udisc . This task is affected
y both the matched and unmatched uncertainties. The sliding
urface designed using the SMC theory given as follows (Slotine
nd Li, 1991):

=

(
d

+ λ

)2 (∫ t

e dt
)

(13)

dt 0
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here λ is a strictly positive constant, e is the output voltage
racking error, which is defined as e = v∗

−v in this paper, and v∗

s the reference value for the output voltage of the buck converter.
hen, (13) can be rewritten as

= ė + a1e + a2

∫
e dt (14)

here a1 = λ and a2 = λ2 (Slotine and Li, 1991). The discontin-
ous term in the proposed SMC is given as follows:

disc = −k sign(s) (15)

The derivative of the surface given in (14) is given as follows:

ṡ = ëv + a1ėv + a2ev (16)

Substituting the values from (3) in the first derivative of e =
∗
− v, yield the following expression:

ė = −v̇ = −
1
CL

i +
v

RLCL
+

1
CL

id + d (17)

gain taking the derivative of (17), one gets the double derivative
f error as follows:

¨ = −
1
CL

i̇ +
v̇

RLCL
+

1
CL

i̇d + ḋ (18)

ubstituting the value of i from (2) in (18) one gets the expression
iven as follows:

¨ = −
1
CLL

µE +
R
CLL

i +
1
CLL

v +
v̇

RLCL
+

1
CL

i̇d + ḋ (19)

Substituting the values of ė from (17) and ë from (19) in (16),
we have:

ṡ = −
µE
CLL

+

(
R
CLL

−
a1
CL

)
i +

(
1
CLL

+
a1
RLCL

)
v+

v̇

RLCL
+

1
CL

i̇d +
a1
CL

id + a2e + (d + ḋ)
(20)

Using the SMC theory, the control law is given as follows:

smc = µeq + µdisc (21)

he equivalent part is acquired by taking ṡ = 0 and is given as
ollows:

eq =
CL
E

[(
R
CLL

−
a1
CL

)
i +

(
1
CLL

+
a1
RLCL

)
v +

v̇

RLCL
+

1
CL

i̇d +
a1
CL

id + a2e
]

+
CL
E
(d + ḋ)

(22)

Using (15), (21), and (22), the final SMC law is given as under:

smc =
CL
E

[(
R
CLL

−
a1
CL

)
i +

(
1
CLL

+
a1
RLCL

)
v +

v̇

RLCL
+

1
CL

i̇d +
a1
CL

id + a2e
]

− k sign(s)
(23)

According to Lyapunov stability theorem V =
1
2 s

2, to ensure
ontroller stability and convergence to the sliding mode, V̇ =

ṡ ≤ η|s| should be always satisfied by using the proposed
witching control law (23). By rearranging the (20) one gets ṡ =

R
CLL

−
a1
CL

)
i −

1
CLL

(µE − v) +
a1

RLCL
v +

v̇
RLCL

+
1
CL
i̇d +

a1
CL
id + a2e.

he switching control law ranges between maximum value is 1
nd minimum values is 0, thus the control law in (23) ensures
he condition sṡ < 0 using the two possibilities given as: (1) If
> 0, udisc will be equal to 1, and ṡ needs to be smaller than 0,
hich yields ṡ =

(
R
CLL

−
a1
CL

)
i− 1

CLL
(E − v)+ a1

RLCL
v +

v̇
RLCL

+
1
CL
i̇d +

a1 i +a e < 0 and (2) If s < 0, u will be equal to 0, and ṡ needs
CL d 2 disc a
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to be greater than 0 , which yields ṡ =

(
R
CLL

−
a1
CL

)
i +

1
CLL

(v) +

a1
RLCL

v +
v̇

RLCL
+

1
CL
i̇d +

a1
CL
id + a2e > 0. Based on the two conditions,

the ranges of the coefficients a1 and a2 in (23) can be determined.
Also selecting the value of gain k = d + η would ensure the
Lyapunov stability for the given system (Slotine and Li, 1991)

4. Adaptive super twisting sliding mode control design and
stability analysis

The high order sliding mode control (HOSMC) has the ability
to add the advantage of control accuracy, chattering, and relative
degree elimination while retaining the invariance and robustness
features of first-order SMC. One widely accepted HOSMC tech-
nique is the super twisting algorithm (STA) based sliding mode
control due to its simple structure and capability to generate
a continuous control function. The STA-based control structure
drives the surface to zero under known matching uncertainties
in systems having a relative degree one with respect to the sur-
face. STA-SMC can easily handle the disturbances with bounded
gradient and known boundary, but the disturbance boundary is
difficult to estimate. The selection of larger gains due to overes-
timation can decrease the STA-SMC performance. Thus adaptive
STA is proposed to handle the gains adjustment problems given
as follows:
µAST = [−k(x, t) + µ1 + µ2]
µ1 = −α̂

√
|s(t)| sign (s(t))

µ̇2 = −
β̂

2 sign (s(t))

⎫⎪⎬⎪⎭ (24)

ere, the gain α̂ ∈ ℜ
n×n and β̂ ∈ ℜ

n×n are adaptive bounded
ains and −k(x, t) refers to the equivalent term µeq in (22).
onstant diagonal parameters α ∈ ℜ

n×n and β ∈ ℜ
n×n for STA-

MC as reported in Slotine and Li (1991) are difficult to design
or practical applications. Therefore, to cope with this problem,
his paper uses timely varying gains obtained from adaptive
lgorithms to generate the α̂ ∈ ℜ

n×n and β̂ ∈ ℜ
n×n gains. The

ains in ASTA-SMC are designed such that they are increased until
econd order sliding mode is established. After the establishment
f sliding surface, the gains are decreased. The gains should be
gain increased when control performance is not satisfactory
.e. the sliding variable or its derivative start deviating from the
quilibrium point s = 0, ṡ = 0 in second order sliding mode.
ˆ ∈ ℜ

n×n and β̂ ∈ ℜ
n×n are decreased during sliding mode to

mooth the control performance, reduce the noise and chattering.
he gains α̂ and β̂ in (24) should be modified according to the
daptive law given as (Shtessel et al., 2012)⎧⎨⎩ ˙̂α =

{
σα

√
η1/2, if s ̸= 0

0, if s = 0
β̂ = 2ϖα

(25)

where σα, η1, and ϖ are positive constant. Using the equivalent
control part given in (22) and the new adaptive continuous part
in (24), the new control law is given as follows:

µAST =
CL
E

[(
R
CLL

−
a1
CL

)
i +

(
1
CLL

+
a1
RLCL

)
v +

v̇

RLCL
+

1
CL

i̇d +
a1
CL

id + a2e
]

+

[
−α̂

√
|s(t)| sgn (s(t))

− β̂

∫ t

0
sgn (s(τ )dτ)

] (26)

urthermore, we will compare the proposed ASTA-SMC with the
re-proposed methods in literature. The ASTSMC will be com-
ared with SMC (Du et al., 2020), ST-SMC (Sami et al., 2021),
nd FLC (Sulligoi et al., 2014). The operational diagram of the
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Fig. 2. Adaptive STSMC operational diagram.
roposed controller is shown in Fig. 2. The ST-SMC control law
enoted by µST can be expressed as follows:

µST = [−k(x, t) + µ1 + µ2]
µ1 = −α

√
|s(t)| sign (s(t))

µ̇2 = −
β

2 sign (s(t))

⎫⎪⎬⎪⎭ (27)

he STA-SMC scheme is similar to (24), but only differs in terms
f the constant gain parameters α and β . The advantages can be
ummarized as follows:

• Model free: The control systems given in (24) and (27) are
model free requiring no dynamical information of model.
This property makes it more feasible for practical appli-
cations as compared to SMC and FLC techniques, where
the dynamics of the complex system are difficult to obtain.
Compared with FLC scheme where the non-linearities are
not fully exploited during the transient time due to model
linearization, the ASTA-SMC has inherent faster convergence
and smooth performance due to its non-linear model free
nature.

• Flexibility: The information of the uncertainty upper bound-
ary is essential for the calculation of α and β in STA-SMC
5766
and gain k in SMC, that is a tedious and almost impossible
task for complex systems. The proposed ASTA-SMC scheme
enjoys flexible feature of adaption and does not require the
uncertainty upper bound information.

• Chattering, fast convergence, and high accuracy: It can be seen
from (23) that discontinuous signum function persists in the
final control law that leads to severe chattering in the DC-
link voltage and generator current. The proposed ASTA-SMC
can easily cope with the chattering problem by continuously
varying the control gains with provision of finite time sta-
bility. During non-ideal sliding mode, the ASTA-SMC will
adjust the gain to increase the stability, resulting in fast
convergence of (VDC ) to reference value with high accuracy.

5. Stability analysis

Proposition. Let us suppose that the assumptions A1 and A2 are
satisfied for the system considered in (5) for some unknown gains:
δ1, δ2, γ1 > 0. For any initial conditions with s(0) and x(0), the
sliding modes = 0; ṡ = 0 is established by the STA based control
scheme in finite time.
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The stability proof is completed in two steps. Initially, the
ystem (5) is arranged in a form suitable for Lyapunov analy-
is (Shtessel et al., 2012). For this, the surface derivative given in
6) is reformed using (11), (14) and (24) and is given as follows:

˙ = ð1 (µ1 + µ2) − ð2 k(x, t) (28)

Define a new state vector z = [z1, z2]T =

[
|s|

1
2 sign(s)

ð1 µ2]T. According to the characteristics of symbolic function,
.e. |z1| = |s|

1
2 sign (z1) = sign(s), the following relation is easily

btained:⎧⎪⎨⎪⎩
ż1 =

ṡ
2|z1|

=
−α̂ð1z1+z2−ð2k(x,t)

2|z1|

ż2 = −
β̂

2 ð1
z1
|z1|

+ Λ̇(x, t)
(29)

here Λ̇ = ð̇1u2. With further simplification, (29) is rearranged
s follows:[
ż1
ż2

]
= A (z1)

[
z1
z2

]
+ B (z1)

[
ð2k(x, t)
Λ̇(x, t)

]
(30)

here: A (z1) =
1

2|z1|

[
−α̂ð1 1
−β̂ð1 0

]
, B (z1) =

1
2|z1|

[
−1 0
0 2 |z1|

]
. It

is obvious that the sliding mode variables s and ṡ will automat-
ically converges to zero with z1, z2 → 0 in finite time. Due to
Assumption A2, we can write:

k1(x, t) = δ1(x, t)|s|1/2 sign(s) = δ1(x, t)z1

Λ̇(x, t) = δ2(x, t) sign(s) = δ2(x, t)
z1
|z1|

(31)

hus (31) can be written as follows:[
ż1
ż2

]
= Ã (z1)

[
z1
z2

]
where

˜ (z1) =
1

2 |z1|

[
−α̂ð1 + δ1(x, t) 1
−β̂ð1 + δ2(x, t) 0

] (32)

t can be observed that (a) if z1, z2 → 0 in finite time then
, ṡ → 0 in finite time; (b) |z1| = |s|1/2 and sign (z1) = sign(s).
he Lyapunov function is introduced as follows:

(z, α̂, β̂) = V0 +
1

2η1
(eα̂)2 +

I
2η2

(
eβ̂

)2
(33)

here: eα̂ = α̂ − α̂∗, eβ̂ = β̂ − β̂∗, α̂∗, β̂∗, η1, η2 are unknown
positive constants; V0 = zTPz =

(
λ + 4ϖ 2

)
z21 + z22 − 4ϖ z1z2 and

P =

[
λ + 4ϖ 2

−2ϖ
−2ϖ 1

]
, is a positive-definite matrix if λ > 0

and ϖ is a real number. The derivative of the Lyapunov function
in (33) is shown in as follows:

V̇ (z, α̂, β̂) = V̇0 +
1
η1

(eα) ˙̂α +
1
η2

(
eβ

) ˙̂
β (34)

where: for ∀t ≥ 0, eα < 0 and eβ < 0. Using (32), the V̇0 is
acquired as follows:

V̇0

= zT
(
Ã (z1)T P + PÃ (z1)

)
z

≤ −
1

zTQz

(35)
2 |z1|
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where: Q is a symmetric matrix, i.e. Q12 − Q21

=⎡⎢⎢⎢⎢⎣
2λα̂v1 + 4ϖv1(2ϖα̂ − β̂) − 2

(
λ + 4ϖ 2

)
δ1(x, t)+

4ϖδ2(x, t) ∗(
β̂v1 − 2ϖα̂b1 − λ − 4ϖ 2

)
+ 2ϖδ1(x, t)−

δ2(x, t) 4ϖ

⎤⎥⎥⎥⎥⎦
(36)

boundary value αm such that α̂ > αm and coefficient relation
or β̂ given as under exists to guarantee the positive definiteness
or matrix Q :
ˆ = 2ϖα̂ (37)

Furthermore, considering the inequality λmin{Q } ∥z∥2
2 ≤ zTQz

λmax{Q }∥z∥2
2 and |z1| ≤ ∥z∥2, there is an inequality satisfied

iven as under:

|z1| = |s|1/2 ≤ ∥z∥ ≤
V 1/2
0 (z)

λ
1/2
min{P}

(38)

his shows that:

˙0 ≤ −
1

|z1|
λmin{Q }∥z∥2

2

≤ −
λ
1/2
min {P} λmin{Q }

2λmax {P}
V 1/2
0 (z)

= −ςV 1/2
0 (z)

(39)

where ∥z∥2
2 = |s| + z22 stands for the Euclidean norm of z. Mean-

while, λmin {P} and λmax {P} are the minimum and maximum
eigenvalues of P and ς = 0.5λ1/2

min {P} λmin (Q ) λ−1
max {P}. Using the

relation, given in (35) and (39), the new relation is obtained as
follows:

V̇ (z, α̂, β̂) = V̇0 +
1
η1

(eα) ˙̂α +
1
η2

(
eβ

) ˙̂
β

≤ −ςV
1
2
0 +

1
η1

(eα) ˙̂α +
1
η2

(
eβ

) ˙̂
β

= −ςV
1
2
0 −

σα
√
2η1

|eα| −
σβ

√
2η1

⏐⏐eβ

⏐⏐ +
1
η1

(eα) ˙̂α

+
1
η2

(
eβ

) ˙̂
β +

σα
√
2η1

|eα| +
σβ

√
2η1

⏐⏐eβ

⏐⏐
(40)

where σα and σβ are the positive constants depending on the
selection of Q matrix . Due to the fact that

(
x2 + y2 + z2

)1/2
≤

|x| + |y| + |z| holds for arbitrary real number x, y, z, above
inequality can be further given

− ςV
1
2
0 −

σα
√
2η1

|eα| −
σβ

√
2η1

⏐⏐eβ

⏐⏐ ≤ −ς0

√
V (z1, z2, α̂, β̂) (41)

where ς0 = min(ς, σα, σβ ). It gives:

V̇ (z, α̂, β̂)

≤ −ς0

√
V (z1, z2, α̂, β̂) +

1
η1

(eα) ˙̂α

+
1
η2

(
eβ

) ˙̂
β +

σα
√
2η1

|eα| +
σβ

√
2η1

⏐⏐eβ

⏐⏐ (42)

It can be reduced to

V̇ (z, α̂, β̂) ≤ −ς0V
1
2 + Γ (43)

here

= −|eα|

(
1

˙̂α −
σα

√

)
−

⏐⏐eβ

⏐⏐ ( 1 ˙̂
β −

σβ
√

)
(44)
η1 2η1 η2 2η2
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Indeed, since the term Γ will gradually approach zero if the
arameters α̂ and β̂ satisfy the adaptive law (24) (∀t ≥ 0). Then,
he inequality given as follows is obtained from (39).

˙ (z, α̂, β̂) ≤ −ςV 1/2 (45)

he Lyapunov stability theorem based stability analysis conveys
hat the control system will take finite time tF for convergence
o sliding surface with the adaptive gains. With the fulfillment of
ondition α̂ > α̂m in finite time, the reaching time is estimated
and given as follows :

tF ≤
2V 1/2 (t0)

ς0
(46)

here is no change in the control parameters as they becomes
qual ˙̂α =

˙̂
β when the sliding mode s = 0, ṡ = 0 is achieved. This

imply proves that the ASTA-SMC based MVDC system is stable.

.1. Proportional current sharing via droop control

The connection of several converters in parallel aims to share
he load current between the converters equally using some
ontrol schemes. Apparently the voltage source with highest ini-
ial value will supply the whole load. The decision to share the
mount of load irrespective of the voltage level is done through
he droop control. A real voltage source has internal resistance
hat effects the constant supply of voltage with increasing cur-
ent levels, that results in the dependency of power sharing on
nternal resistance value. This means that the current or power
enerated are linearly correlated with the converter output volt-
ges that can be regulated using the resistance in series to the
ource. This type of control is known as Voltage Droop control. In
eneral, a voltage/current dependence can be created by adding
virtual output impedance in series with the source, which

ncreases the source’s natural internal resistance. The resulting
urve also known as the VI-characteristic or Droop-characteristic
s a sloping straight line, going through a point of reference,
lso known as a set point, that specifies how much current,
r power must be generated at the nominal voltage. The serial
utput resistance is associated with the slopes of these lines.
he voltage sources will supply the same current under load if
heir droop characteristics are the same. The droop characteristics
f the sources are varied in relation to one another as a result
f the uneven reference power, which is the generated power
t nominal voltage. This results in an uneven distribution of
he provided currents with the voltage vz . To solve the current
sharing issues using droop control, Kirchhoff voltage Law is used
for the parallelly-connected buck converter system in Fig. 2 to get
the relation as follows:

vz = idzRBz + vbus (47)

It is observed that the bus voltage vbus, cable resistance RB,
and converter output voltage vi determines the current sharing,
where the line resistance is usually fixed value. The goal of system
voltage regulation is to maintain the bus voltage at a predeter-
mined level. Therefore, according to the bus voltage regulation’s
premise, changing the reference value of vi can be used to achieve
current sharing given as:

v∗

z = v
ref
bus + idzRBz (48)

In the case of varying load power or bus voltage, the system’s
goal is to maintain the voltage stability of the MVDC bus and
ensure adequate current sharing among the source converters. It
is challenging to directly take into account the current coupling
of the parallel converters in such a complex system. The output
current of each converter is therefore expected to be proportional
5768
to the rated power of its power supply. Thus a constant known
as droop coefficient Ψ is introduced given as follows:

Ψ =
Pz

ΣzPz
=

idz
id−load

(49)

where id−load = ΣN
z=1idz . Using the droop coefficient and id−load

(49) can now written as follows:

v∗

z = v
ref
bus + Ψ id−loadRBz (50)

As of now, the open loop approach in (50) can achieve a simpler
load sharing, but its effectiveness is significantly influenced by
the line resistance value. In particular, the difference between
the converter output voltage and bus voltage increases with line
impedance. The output current is more stable since the ratio
of steady-state voltage ripple to this difference is comparably
lower. The converse, however, is true since line impedance is
frequently low and open-loop current sharing frequently makes it
challenging to produce the required result. In order to implement
a closed-loop proportional current sharing scheme, the following
control law is used to generate reference voltage:

v∗

z = v
ref
bus + Ψ id−loadRBz −

(
Kpez + Ki

∫ t

0
ezdt + Kd

dez
dt

)
RBz (51)

here ez = iz −Ψ id−load. The error between the converter output
urrent and the expected value is fed back to the original output
hrough a PID link, so that the output current is more smooth and
table.

. Analysis and results

The assessment of the control schemes is validated using the
imulation and experiments carried out in Hardware in the loop
HIL) environment. Various case studies have been selected to
rove the robustness, stability, and chattering elimination ca-
abilities of the proposed ASTA-SMC scheme against feedback
inearization controller (FLC) and conventional SMC schemes. This
ection presents the simulation results of the various control
chemes in the Matlab/Simulink environment. The FLC controller,
verage model, and switching model of MVDC discussed in Sul-
igoi et al. (2016) is considered for simulation-based control val-
dation. This section will present simulation and experimental
esults under various case scenarios.

.1. Simulation results

Two cases are considered that includes (a) Operation under
arying CPL and (b) Operation under generating system discon-
ection. The buck converters in the full model are replaced by
oltage actuators of negligible dynamics. The generating system
as total power capacity of 80 MW, that will supply the maximum
PL load of 50 MW with step changes. The base values considered
re base voltage Vb = 60 kV and base power Sb = 20 MW The CPL

is fed in two steps, given as: At t = 0.1 s, the load is increased
from 0 to 1.35 (pu) and the second additional load of 1.15 (pu) is
applied at t = 0.25 MW(pu). This load is then decreased back to
1.35 (pu) at t = 0.4 s. A droop control is implemented to share
the load among the four generators. The duty cycle calculation for
SMC is done through (23) whereas for ASTA-SMC, the duty cycle
is calculated using (26). Reference DC link voltage is selected to be

1pu. The controller and system parameters are given in Table 1.
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Fig. 3. VDC comparison under load connection and disconnection.
Fig. 4. Comparison under load connection and disconnection.
a

Table 1
System and controller parameters.
System parameters Value Control parameters Value

Pn(MW) 20 k 100
Vin (kV) 6 α 70
Vout (kV) 3 β 0.0001
fs(kHz) 1 ϖ 0.9
Rf (m�) 33.2 η1 1.6
Lf (mH) 1.1 σα 120
Cf (µF) 2000 λ 21
Cif (µF) 3608
Load increase (MW) 7.5
5769
6.1.1. Operation under varying CPL
In the first case, (VDC ) regulation for the FLC, SMC, and ASTA-

SMC schemes is evaluated. The (VDC ) during the load addition
and disconnection is shown in Fig. 3(a)–(c). It can be seen from
Fig. 3, that the proposed ASTA-SMC has a faster VDC transient
response compared to conventional SMC and FLC schemes both
under load increase and decrease. The settling time for ASTA-SMC
is 100 ms, which is much faster as compared to SMC 180 ms. The
FLC shows a much slower settling time of 225 ms, compared to
both SMC and ASTA-SMC. During the load increase of 1.35 (pu)
t t = 0.25 s, the FLC exhibits a falling VDC undershoot of 0.09

(pu) and overshoot of 0.03 (pu), whereas the SMC showed falling
VDC undershoot of 0.04 (pu) and 0.01 (pu) overshoot. The ASTA-
SMC has robust performance and exhibits the most lower falling
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Fig. 5. VDC , ICPL , and generator currents at point of G1 disconnection.
Fig. 6. Experimental workbench.

VDC undershoot of 0.039 (pu) and negligible overshoot. Similarly,
during the load decrease of 1.35 (pu) at t = 0.4 s, the FLC
xhibits an overshoot of 0.08 (pu) in the VDC and undershoot
f 0.03 (pu), whereas the SMC showed overshoot of 0.03 (pu)
nd 0.01 (pu) undershoot. The ASTA-SMC also exhibits robust
erformance under load decrease and showed the lowest falling
DC overshoot of 0.01 (pu) and negligible undershoot. The SMC
as inherent chattering problems which is eliminated through the
hattering suppression capability of ASTA-SMC and is observed
hrough the smooth waveform of VDC as shown by the zoomed
iew in Fig. 3(b).
The CPL current for FLC, SMC, and ASTA-SMC schemes, in this

ase, is evaluated and is shown in Fig. 4(a)–(c). It can be seen from
ig. 4, that when a load of 1.35 MW(pu) at t = 0.25 s is added to
he system, the CPL current increases from 1.35 pu to 2.5 pu. The
roposed ASTA-SMC has a faster and uniform transient response
ompared to conventional SMC and FLC schemes. The settling
ime of CPL current to the actual load current value of 2.5 pu
or ASTA-SMC is 2 ms, which is much faster as compared to SMC
5770
Table 2
Quantitative analysis of various control schemes under test cases.
Test scenarios FLC SMC ASTA-SMC

DC-Link voltage
convergence time (ms)

225 180 100

Starting Overshoot in
(pu)

0.070 0.00 0.00

Overshoot in v when
load is applied (pu)

0.03 0.01 0.00

Drop in v when
load is applied (pu)

0.09 0.04 0.039

Overshoot in v when
load is removed (pu)

0.08 0.03 0.01

Drop in v when
load is removed (pu)

0.03 0.01 0.001

Drop in v when
G1 is disconnected (pu)

0.108 0.074 0.071

Overshoot in v when
G1 is disconnected (pu)

0.02 0.0199 0.005

5.5 ms. The FLC shows a much slower settling time of 40 ms
to the 2.5 (pu), compared to both SMC and ASTA-SMC. During
the load increase of 1.35 MW(pu) at t = 0.25 s, the FLC exhibits
a overshoot of 0.22 (pu) and undershoot of 0.07 (pu) in CPL
current, whereas the SMC showed falling ICPL overshoot of 0.119
(pu) and 0.023 (pu) undershoot. The ASTA-SMC has robust perfor-
mance and exhibits the lowest ICPL overshoot of 0.097 (pu) and
negligible undershoot. The chattering elimination and robustness
enhancement capability of ASTA-SMC over SMC and FLC can be
observed through the smooth waveform of CPL current shown by
the zoomed view in Fig. 4(b). Table 2 validates through simulation
results, that the ASTA-SMC can handle the non-linearities and
chattering problems in SMC and FLC schemes improvising the
overall performance of MVDC microgrids.

6.1.2. Operation under generator loss
This case is considered to validate the robustness of the pro-

posed technique for change in topology under generator failure.
A generator side converter is disconnected at t = 0.3 s, and the
results are shown in Fig. 5(a)–(c). The VDC during the genera-
tor disconnection shown in Fig. 5(b) depicts that the proposed
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Fig. 7. Comparative analysis of FLC, SMC, and ASTA-SMC for VDC .
0

STA-SMC has a faster VDC transient response compared to con-
ventional SMC and FLC schemes. The FLC exhibits a falling VDC
undershoot of 0.108 (pu) and overshoot of 0.026 (pu), whereas
the SMC showed falling VDC undershoot of 0.075 (pu) and 0.0197
(pu) overshoot at point of G1 disconnection. The ASTA-SMC has
robust performance and exhibits most lower falling VDC under-
shoot of 0.072 (pu) and overshoot of 0.005 (pu). The VDC recovers
to the reference value in a period of 18.7 ms for FLC, 8.8 ms for
SMC, and a much shorter period of 4.4 ms for ASTA-SMC. The
MVDC topology requirement is to supply the load under topology
change. Thus it should provide the necessary power after the
generator disconnection. The generator current in Fig. 5(c) shows
that the G1 current becomes 0 pu after the generator loss, and
the remaining generators equally share the load power thus suc-
cesfully validating the proportional current sharing droop control.
Compared to SMC and FLC schemes, the proposed ASTA-SMC
maintains the chattering elimination and robustness feature even
after changing the system topology.

6.2. Experimental results

This section presents the experimental results of the vari-
ous control schemes to validate the performance for real-time
operation. The HIL test performed in this section uses dSPACE
1104 to imitate the physical modeling of the MVDC system and
TMS320F28069M processor to provide the control duty cycle
from the control schemes. More information on the adapted HIL
platforms can be found in Maxwell et al. (2016). The hardware
diagram of the considered topology is shown in Fig. 6. A switching
model was adopted with a switching frequency of 1 kHz. The
environment, test cases, and generating power considered for
HIL-based implementation of the MVDC system are the same
as the simulation environment. The filter values are considered
the same for all three controllers and tested for oscillation and
chattering mitigation.

6.2.1. Operation under varying CPL
The VDC tracking of the three controllers compared for steady

state time, chattering, and oscillations due to PWM effects is
shown in Fig. 7. It can be seen that the FLC converges slowly
to the reference value in 144 ms followed by SMC and ASTA-
SMC with almost similar convergence time of 95 ms and 91 ms
respectively. The FLC scheme bears large oscillations due to the
fact that FLC does not have the inherent capability to exploit the
non-linearities. Conversely, the SMC is a non-linear scheme and
shows fewer oscillations as compared to FLC but the chattering
phenomenon is still evident from the zoomed window in Fig. 7.
The proposed ASTA-SMC results in a smoother convergence by
retaining the non-linearities handling capabilities of SMC and
mitigating the chattering oscillations. The further assessment of
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proposed control schemes is done based on overshoot and under-
shoot comparison during load variations at t = 0.25 s and 0.4 s.
The (VDC ) during the load addition and disconnection are shown
in Fig. 8(a)–(c) for the various controllers. It can be seen from
Fig. 8(c), that the proposed ASTA-SMC has a faster VDC transient
response compared to conventional SMC and FLC schemes both
under load increase and decrease. The settling time for ASTA-SMC
after applying load at t = 0.25 s is 5 ms, which is much faster as
compared to SMC with a settling time of 6 ms. The FLC shows
a much slower settling time of 15 ms, compared to both SMC
and ASTA-SMC. During the load increase of 1.35 MW(pu) at t =

.25 s, the FLC exhibits a falling VDC undershoot of 0.099 (pu)
and overshoot of 0.032 (pu), whereas the SMC showed falling
VDC undershoot of 0.005 (pu) and 0.2 (pu) overshoot. The ASTA-
SMC has robust performance and exhibits most lower falling VDC
undershoot of 0.0045 (pu) and overshoot of 0.034 (pu). Similarly,
during the load decrease of 1.35 (pu) at t = 0.4 s, the FLC
exhibits an overshoot of 0.098 (pu) in the VDC and undershoot
of 0.0312 (pu), whereas the SMC showed overshoot of 0.036 (pu)
and 0.011 (pu) undershoot. The ASTA-SMC also exhibits robust
performance under load decrease and showed negligible falling
VDC overshoot of 0.01 (pu) and negligible undershoot. The gen-
erator current for FLC, SMC, and proposed ASTA-SMC are shown
in Fig. 8(a),(b), and (c). The settling time of (VDC ) to its reference
value after disconnection of load is 15.5 ms for FLC, 11 ms for
SMC, and 6 ms for proposed ASTA-SMC.

6.2.2. Operation under generating system disconnection
This case is considered to validate the robustness of the pro-

posed technique under generator failure after a load of 1.35 (pu)
is applied. A generator side converter is disconnected at t = 0.16
s, and the results are shown in Fig. 9(a)–(c) for the considered
control schemes. The (VDC ) during the generator disconnection
shown in Fig. 9, depicts that the proposed ASTA-SMC has a
faster VDC transient response compared to conventional SMC and
FLC schemes. The generator current in Fig. 9 shows that the G1
current becomes 0 pu after the generator loss, and the remaining
generators equally share the load power. The proposed ASTA-
SMC control schemes converge fast in 3 ms compared to the
convergence rate of 5 ms for SMC and a high settling time of 190
ms for FLC schemes. It can be seen that the generator current
for FLC shows too many oscillations due to the cancellation of
non-linear terms during the linearization process. The SMC is
more stable and provides faster control compared to FLC due to
its non-linear nature itself. Due to its adaptive and non-linear
nature, the ASTA-SMC provides minimum ripples and generator
current oscillations. The overshoot and undershoot compared in
Table 3 shows minimum values for ASTA-SMC followed by SMC
and FLC. Table 3 validates that the ASTA-SMC can handle the non-
linearities and chattering problem in SMC and FLC schemes to
give an improved performance for MVDC microgrids.
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Fig. 8. VDC , ICPL and generator current response under load variations.

The three controllers have also been evaluated for computa-
tional complexity using average and maximum CPU utilization
and average and maximum execution times tabulated in Table 4.
The FLC being a linear controller having less number of calcula-
tion is computationally efficient compared to SMC and ASTSMC,
whereas, SMC and ASTSMC has almost same computational com-
plexity.
 c

5772
Fig. 9. VDC , ICPL and generator current under topology alteration.

. Conclusion

This paper proposes an adaptive super twisting algorithm
ASTA) based high order sliding mode control (HOSMC) for DC
ink voltage (VDC ) stabilization. Initially, a sliding mode-based
ontrol (SMC) system is developed to control the V under
DC
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Table 3
Quantitative analysis of various control schemes under test cases.
Test scenarios FLC SMC ASTA-SMC

(VDC )
convergence time (ms)

144 95 91

Starting Overshoot in ((pu)) 0.062 0.00 0.000

Overshoot in v when
load is applied ((pu))

0.032 0.2 0.034

Drop in v when
load is applied ((pu))

0.099 0.005 0.0045

Convergence Time of v

after applying load (ms)
15 6 5

Overshoot in v when
load is decreased ((pu))

0.098 0.036 0.01

Drop in v when
load is decreased ((pu))

0.0312 0.011 0.00

Convergence Time of v

after load decrease (ms)
15.5 11 6

Drop in v when G1 is
disconnected ((pu))

0.054 0.03 0.016

Overshoot in v when
G1 is disconnected ((pu))

0.007 0.0059 0.00

Convergence Time of v when
G1 is disconnected (ms)

190 5 3

(VDC ) ripples (%) 1.917 0.4 0.3

Table 4
Computational time analysis of various control schemes under test cases.
Test scenarios FLC SMC ASTA-SMC

Computational comparison
Average CPU Utilization (%) 9510 13640 14110
Maximum CPU Utilization (%) 9406 13563 14500
Average execution time (ns) 18.81 28.13 31.14
Maximum execution time (ns) 19.02 28.28 31.45

various conditions. The performance of the SMC scheme is en-
hanced using ASTA-based SMC (ASTA-SMC). The research focuses
on the development of an enhanced control system that can
dynamically change the control parameters of STA-based SMC.
The proposed control scheme is compared with the Feedback
linearization controller and SMC techniques in terms of chattering
and robustness against varying constant power loads and topol-
ogy alterations using simulation and experimental-based results.
The results obtained under two test cases termed as load vari-
ation and topology alteration by generator disconnection show
that using the adaptive gains, a smooth (VDC ) with fewer ripples
and variations is obtained for the MVDC system. In both the test
cases, (VDC ) regulation for the FLC, SMC, and ASTA-SMC schemes
is evaluated. The transient behavior of DC link voltage during
the load addition and disconnection showed that the proposed
ASTA-SMC has a faster VDC transient response compared to con-
ventional SMC and FLC schemes. The settling time for ASTA-SMC
is much faster as compared to SMC and FLC. The simulation and
experimental results depict that this work will prove to be an
effective control method for the development of medium voltage
DC microgrids.
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