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ABSTRACT In this paper, an industrial grade adaptive control scheme is proposed for a micro-grid integrated
dual active bridge driven battery management system (DIBMS). A benchmark industrial grade adaptive
control scheme depends on two factors namely robustness and computational resource utilization when such
controllers are implemented over processors. The mathematical model of DIBMS system is nonlinear, thus
for desired response, non-linear controllers based on sliding mode variable structure control theory suits
it well for the state regulation problem of DIBMS, however such controllers utilize high computational
resources when practically implemented over processors. Keeping in view the above performance indices,
this paper proposes an industrial grade computationally efficient and finite time adaptive robust convergent
control for DIBMS system. A proportional integral (PI) scheme is used as central control unit and Hebbian
algorithm with double integration of the state error is introduced for online tuning the gains of central
control unit. The robustness and computational resource efficiency of the proposed control paradigm is
validated using a laboratory scale test bench through TI Launchpad (TMS320F28379D). The superiority
of the proposed Al based PI control paradigm is compared with classical PI, integer order sliding mode
control (SMC), and fractional order SMC (FOSMC) in terms of computational resource utilization and
robustness under all test conditions.

INDEX TERMS DC micro-grid, fractional calculus, fractional control theory, industrial grade control, robust

control, energy management, sliding mode control.

I. INTRODUCTION

In order to ensure the reliability and stability of the existent
power grids, an innovative and modern technology namely
smart grids is under the focus of the research community. This
technology incorporates all measures to adopt clean energy
resources such as solar and wind energy [1]-[3]. Solar and
wind energy sources have intermittent nature, thus integration
of such sources with the conventional grids may introduce
issues like frequency and voltage instabilities. Thus in order
to stabilize such grids, energy storage system is integrated to
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the micro-grid [3], [4]. In direct current (DC) micro-grids,the
energy storage system is utilized to supply or draw energy
from the DC bus depending on situations whether the source
energy is in deficient or excess mode.

The integration of battery storage system requires a
bidirectional DC-DC converter. Such converters are either
galvanically isolated or non-isolated type. Non isolated con-
verter requires auxiliary circuitry for safety, while the iso-
lated type is composed of a high-frequency transformer for
galvanic isolation between its stages [3], [4]. Dual Active
Bridge (DAB) is the widely utilized converter for bidirec-
tional power exchange with galvanic isolation. DAB offers
advantages such as small component count wide range of
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voltages operation [5], [6]. Several isolated bidirectional
typologies have been reported, including two-device topolo-
gies such as dual fly-back converter, dual cuk converter and
dual-zeta converter [7], [8], four-device topologies such as
forward fly-back converter, dual-push-pull converter, push-
pull forward converter, push-forward-fly-back converter, and
dual-half-bridge converter [9], [10], and eight-device typolo-
gies such as dual-active-bridge (DAB) converter [11]. The
isolated bidirectional converters, DAB has the lowest volume
of filter and largest capacity of power transfer [12]. Such
converters consist of two bridges namely low voltage (LV)
and high voltage (HV) bridges.Single phase shift (SPS) mod-
ulation methods are reported for DIBMS in [13]-[15].

In order to control the DAB integrated battery storage
system, modulation schemes of the converter play vital
role. There are several modulation schemes such as single
phase shift (SPS), double phase shift (DPS) and triple phase
shift (TPS) modulation schemes.In SPS modulation method,
two bridges are modulated using a square wave with a phase-
shift angle ¢ and it can be leading or lagging depending on
the mode of power flow [15].The efficiency of SPS method
is low and to improve the power transfer efficiency of the
DAB converters and to reduce stresses during high frequency
switching, researchers reported dual phase shift (DPS) modu-
lation scheme [16], [17].In order to further enhance the power
transfer efficiency, triple mode phase shift (TPS) modulation
scheme is reported in [18], [19]. TPS scheme has 3 degree of
freedom to control, DPS requires two degree of freedom and
SPS requires only one parameter.Apart from the modulation
schemes, closed loop controllers play vital role to stabilize
and achieve the desired performance of the DIBMS system.
In the existent literature, several linear and nonlinear control
methods have been reported for the subject application.

The traditional linear proportional, integral and deriva-
tive (PID) controllers have been widely applied in the
existing literature [20]-[24]. In [20] the authors presented
fixed gain PI controller for the regulation of DC bus
voltage in DIBMS. A fixed gain PI controller is imple-
mented for a laboratory scaled DIBMS system and presented
in [21], [22]. Similarly the stability analysis of DC micro-
grid is presented in [23], [24]. A PI controller is reported
for DAB converter integrated with fuel cell applications [25].
Advanced versions of PI controller namely feed-forward PI,
proportional-resonant PI, double loop PI and current sensor-
less PI controllers have been reported in [26]-[29]. Apply-
ing linear controllers to DAB converted integrated systems
may show poor performance, however at the same time
an advantage of its utilization includes ease of practical
implementation.

Among the nonlinear control schemes, sliding mode con-
trol (SMC) has been widely reported for renewable energy
and power systems applications. SMC methods are reported
in [30], [31] for DAB converter integrated battery storage
system. A sliding mode control scheme based on an average
output current model of a DAB converter has been reported
in [32]. Classical SMC method has several disadvantages
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such as high frequency chattering in control signal and limited
switching on a hardware platform. In order to address the
aforementioned problems, a double integral sliding mode
control (DSMC) is proposed for battery energy storage sys-
tems in [30] and the validity was verified experimentally.
In [33], a terminal sliding mode control is reported for com-
pensation of perturbation.A sliding mode (SM)-based direct
power control (DPC) scheme is proposed and verified exper-
imentally for DAB converter application [34]. Similarly a
proportional robust control based on sliding mode method is
proposed in [35].

The application of intelligent control methods based
on fuzzy logic system (FLC) and artificial neural net-
work (ANN) to power systems have been widely reported
in the literature [36], [37]. For energy storage applications
utilizing DAB converters,a FLC based control is investigated
in [37]. Similarly a PI based fuzzy controller (PIFC) has been
reported in [38]. FLC based control schemes require user
experience and it also increases computationally complexity
when implemented over processors. An ANN based con-
troller is proposed for power flow management of an electric
vehicles and bidirectional DC-DC converters in [19] and [39]
respectively. Apart from integer order control schemes, FOC
is finding interesting applications in all fields of engineering
and applied sciences. Fractional order sliding mode con-
trollers have been proposed for renewable energy applications
in [40], [41]. Similarly a fractional order PID control scheme
is reported in [42] for a boost mode application of a boost
converter. Similarly a non integer order fuzzy logic control
(FO-FLC) system us analyzed for photo-voltaic (PV) sys-
tem [43]. Fuel cell energy management is difficult due to the
wide output voltage and high current, thus a fractional order
PID controller is introduced in [44] for optimal management,
while for switched mode power supply applications, a frac-
tional order (FO) proportional integral (FOPI) controller is
implemented and reported in [45].

Industrial grade feedback controllers must exhibit the
following two important properties: 1. robustness against
uncertainties 2. computationally efficient.In the above cited
literature different linear, nonlinear and intelligent controllers
have been discussed, however the implementation complexity
of such controllers have rarely been reported in literature.
In this regard several researchers reported some analysis such
as computationally efficient fuzzy control [46], computation-
ally efficient self-tuning controller for DC-DC switch mode
power converters [47], computationally efficient predictive
robot control [48],computationally efficient distributed pre-
dictive controller [49] and computational resource analysis
over FPGA for fractional order control (FOSMC) scheme
in [50].

Based on the above cited literature, the contributions of this
paper are highlighted as follows:

1.Micro-grid energy management and control requires
multiple control loops and energy management algorithms.
For practical implementations, the algorithms must be com-
putationally efficient. This article proposes an industrial
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grade computationally efficient adaptive robust control
scheme for micro-grid integrated DIBMS system

2.The robustness and computational efficiency of the pro-
posed control system is compared with SMC, fractional order
SMC (FOSMC) and classical PI controllers using hardware
in the loop (HIL) and processor in the loop (PIL) experiments

Moreover, the paper organization is given as: The over-
all system and its configuration is described in section II.
Section III gives the mathematical formulation of the pro-
posed DIBMS system. The mathematical proof of all the
discussed and proposed control paradigms is given in section
IV, whereas the results and its discussion is done Section V.
Finally the paper is concluded in Section VI.

Il. SYSTEM DESCRIPTION

The micro-grid integrated DIBMS system block diagram is
shown in Fig. 1. As shown in the block diagram, the micro-
grid consists of renewable energy sources (RES-1, RES-2),
converter driven load, and DAB integrated BMS system. The
energy transfer between the battery storage and DC bus is
done using a bi-directional DAB converter. This research
work is focused on closed loop control system of DAB
integrated BMS system so before formulating the control
system, a detailed mathematical analysis is presented in the
next section.

RES-1 7 == ~ = Lload
‘ DAB Integrated BMS system |
i — — i
RES-2 B == " || Battery | !
_— 1 — 1
e e e e e e 1

FIGURE 1. Block diagram of DAB integrated BMS.

lll. MATHEMATICAL MODELING
A nonlinear state space model of DIBMS system is repre-
sented as follows [51]:

-8 f;cmmm»
X= Cuutnz n=13.5... n2 |Z (I’l)|

0 0

Vioad 0

o]

8 Z 1 NV
+ | Coun® = n21Zm)] T UHD@) (D)
0

From (1), the matrices and disturbance term D(t) are repre-
sented as follows:

-8 0
Coun? Z

n=1,3,5,..

cos (¢; (n))
n?1Z (n)|
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\% 0
A(X) _ load
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B(X) = | Coum? n2|Zm|
n=1,3,5,..
0
iload
D(t) = ———=
C()ut

The state X represents the voltage dynamics of DIBMS sys-
tem. Any perturbation will lead to an uncertainty in the matri-
ces i.e. AA(X) and AB(X), therefore the lumped disturbance
term G(¢) is expressed as follows:

G(t) = D(t) + Adload + Adsource + AA(X) + AB(X) (2)

In (2), the source and load side disturbances are represented as
Ad source and Adyqq respectively. (1) is expressed as follows:

X = AX) + BX)U + G(1) 3

Assumption 1: The following inequality is assumed to be
valid for the lumped uncertainty term G(¢)

IGOI] =< o1 “

Assumption 2: The constant (S, ro) utilized in the stabil-
ity proof of the FOC'’s is assumed to be upper bounded such
that the following expression is true: Q(S,ro) < x1

Where x; represents a known constant. The voltage error
is defined as follows:

e=X—Xy (5)

where X represents the feedback voltage while X; is the
reference command.

IV. CONTROL SYSTEM FORMULATION

This section is focused on formulation of the proposed control
system. To have a fair robustness comparison and computa-
tional resources, robust control system namely sliding mode
control (SMC) and FOSMC controllers are also formulated
in the next subsections.

A. PROPOSED ADAPTIVE PI CONTROL

In this section a computationally efficient finite time adaptive
robust PI control system is formulated for the DIBMS system.
A PI control paradigm is utilized to stable the system nominal
dynamics, while the adaptive part of the control system based
on ANN is used to adaptively adjust the weights of the ANN
controller. The total control effort is the sum of the PI and
adaptive ANN controllers. A block diagram of the proposed
control system is shown in Fig. 2. SPS modulation technique
is used to drive the power switches of LV bridge (S1 — S41)
and HV bridge (S5 — Sg). As shown in Fig. 2, there are
two control loops working in parallel. A fixed gain PI con-
trol scheme is used to achieve the stable nominal dynamics
of (3) while the adaptive ANN controller compensates the
nonlinear dynamics including the parametric uncertainty and
disturbances of (3). Double integral of error based hebbian
learning algorithm is used to adjust the weights of the ANN
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FIGURE 2. Block diagram of industrial grade adaptive PI control.

controller online in finite time. Thus the total control effort is
expressed as follows:

U = Upr + Usnn (6)

From (6), the discrete PI control system is expressed as
follows:

k
Upi(n) = Wie() + W2 ) _ e(n) ™)
n=1
Here W and W, represent the proportional and integral gains
respectively. Note that W) and W, are fixed gains to be tabu-
lated later. PI controller is discretized using Tustin method.
ANN control system is shown as follows:

k
Unwn () = ) Win()Epn(n) ®)
m=1
(8) represents a single neuron ANN controller with two inputs
and adjustable weights. For m = 1, 2, the adjustable weights
are expressed as VT/1 and Wg. Moreover form = 1, 2, the term
Ei(n) = e(n) represents the voltage error and E>(n) =
Zle e(7) shows the integral of the error e(n). From (6), (7)
and (8), the total control effort is expressed as follows:
k
Un) = (Wi + Wie() + (W + W2) ) Jet)  (9)
n=2
The adaptive tuning of weights Wi is done using double
integral of error based hebbian algorithm which is shown as
follows:

Win) = Wi(n — 1) + n,iZin)U (n) (10)

In (10), Zi(n) = Z]:;:I Zﬁ:l e(n) that shows the discrete
double integrator of the error e(n), U (n) represents the control
signal at n'" sample and 7; represents the learning rates.

Remark IV-A: Equation (10) is implemented using discon-
tinuous projector operator shown as follows:

Win) = projig,,[¢ Wim)] (11)
where ¢ represents the learning gain. The projection operator
is defined as follows:

0 if Wi(n) = Wi(m)marandx > 0
Projig ™ = | 0 if Win) = Win)miand < 0 | (12)
* otherwise
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FIGURE 3. Implementation of fractional operator.

TABLE 1. System parameters.

Parameters Value
Rated power 150 Watts
Input voltage vsource 12to 16 V
Output voltage vyq¢ 20t0 24V
[s 200Khz

Cin, Cout 100uF, 200uF
Transformer,s turn ration  1:2

Leakage inductance(L;) 50uH
Variable load 50-300 watts

TABLE 2. Control system parameters.

Controller Parameters  Value
Adaptive PI Wy 1.5

Ws 1.2

m 18

2 1.258
Integral SMC (4 1.5

Cy 1.2

ko 0.5
FOSMC « 0.99, 0.95

Cs 1.5

Cy 1.2

ku1 0.5

wy, Wh 0,500Hz

B. INTEGER ORDER SLIDING MODE CONTROL
In this subsection, integer order SMC is formulated for
DIBMS system. The sliding surface is defined as follows:

Svio = Cie + C3 / e (13)
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FIGURE 5. HIL testing.

where e is already defined in (5). Moreover C| and C; rep-
resent sliding surface constants. Differentiating (13) and by
combining it with (3), the following expression is obtained:

Svi0 = CiIAX) + BX)U + G(t) — Xq1 + Cae  (14)

From (14), the control law is derived as follows:

U = (CiBX)™'[-CI1AKX) — Cae + C1 Xy — kysgnSuio]
5)

Theorem 1: There exists a scalar function Vi with contin-
uous first derivative such that [52]:

1. Vyo is positive definite (globally in the radius R)

2. Vip is 00 when S,j0(X) — oo (globally in the radius R)

3. If the system is globally stable, then Vio is negative
definite.
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Proof of Theorem 1: The Lyapunov function selected is
given as follows:

(16)

By combining Eq. (14), (15) with the first derivative of
Eq. (16), and by choosing k, > o7, the control law stabilizes
the closed loop system of Eq. (3). Here o is already defined
in (4). The first derivative of (16) is expressed as follows:

Vio = —ky|Svio| + o1Su0 (17)

When &, > o1, then (17) is simplified based on the following
conditions:

1. if Sy;0 > 0, then —k,|S,70| is negative and 015,70 is
positive, however the sum —k,|S,;0| 4+ 015,10 is negative so
Vio <0

210439
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FIGURE 6. Performance comparison of controllers for varying voltage reference (a) Proportional
Integral control paradigm (b) Proposed control paradigm (c) SMC control paradigm.
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FIGURE 7. Performance comparison of controllers for varying voltage reference with FOSMC controllers with

(o = 0.99) and (« = 0.95).
2.1f Syj0 < 0, then —k,|S,j0| is negative and 01,0 is also
negative, so the sum —k,|S,;0| + 015,10 is also negative so

Vio < 0. This proves Theorem 1.
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C. FRACTIONAL ORDER SLIDING MODE CONTROL
In this subsection FOSMC system is derived for the voltage
tracking problem of DIBMS system. Before deriving the
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paradigm.

control system, the preliminaries of fractional calculus are
mandatory to be understood, thus the basic definitions of
fractional calculus are presented in Appendix-1. A fractional
order sliding surface is defined as follows:

Syro = C3D %e + Cy / e

where e is already defined in (5). Moreover C3 and C5 repre-
sent sliding surface constants. Apply the fractional operator
D to (18), one obtains the following expression:

D°S,ro = Cze 4+ C4D*é (19)
where ¢ = X — Xd. By combining (3) and (19), one obtains
the following expression:

D*S,ro = Cze 4+ C4D*~'[AX) + BX)U + G(1) — X4]
(20)

(18)

VOLUME 8, 2020

The control law is derived from (20) and expressed as
follows:

U = (C4BX)) ' [—C4AX) + C4Xq — C3D' %

— kD' “sgn(Siro)] - (21)
where k| represents the switching gain of the FOC paradigm.
consider Theorem 2 given below.

Theorem 2: There exists a scalar function Vpo with
continuous first derivative such that [53]:

1. Vo is positive definite (globally in the radius R)

2. Vgo is 0o when S,j0(X) — oo (globally in the radius R)

3. If the system is globally stable, then Dy VFo is negative
definite and system states converge to the equilibrium points
in finite time.
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Proof of Theorem 2: In order to prove Theorem 2, the
lowing inequality hold true [53]:

150
Time (msec)

200 250 300

FOSMC (« = 0.99) and (« = 0.95) controllers.

fol- Applying D to (23) yields the following expression [53]:

D*Vr¢o
o (04
'l +a) ; — < SyroD“Syro
> : —DIS,roD* S,r0| < Q1(Suro) e
— T —j+a)l(+)) '+ o) . _
j D'S,roD*SyFo

(24)

12

(22) = ra—j+ao)l’'(d+))
The Lyapunov candidate function is defined as follows: Using assumption 1-2 and Eqgs. 20-24, the following
1 expression is obtained:
Vro = 3S7ro 23) .
2 D¥Vro = —ku1lSvrol + 01800 + X1 (25)
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By letting k,; > [o1, x1], it can be easily shown that
D*Vpp < 0 which means that the sliding surface reaching
condition is satisfied and S,ro = 0. This proves first part
of Theorem 2. For the second part of Theorem 2, the deriva-
tion of the convergence proof is given in Appendix-2. From
Appendix 2, (36) proves the finite time convergence of the
state:

VOLUME 8, 2020

V. IMPLEMENTATION OF CONTROL SCHEMES

In order to implement the derived controllers, it is neces-
sary to represent each controller as phase shift represented
below:

U = cos (n — ¢ (n)) (26)
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FIGURE 12. Voltage tracking performance under variable source voltage (a) FOSMC controllers with (¢ = 0.99) and

(¢ = 0.95).

Therefore by using basic trigonometric laws, (26) can be
expressed as follows:

§ = sin” (V) (27)

where § represents the phase shift between the LV and HV
bridges of the DIBMS converter. Moreover in order to imple-
ment the FOSMC scheme, it is necessary to implement frac-
tional operators. Fig. 3 shows the implementation details of
the fractional operator using DSP control card.

VI. RESULTS AND DISCUSSION

The experimental testing of the proposed control system
using hardware in the loop (HIL) and processor in the
loop (PIL) methods. HIL method is used for the verification
of the controller robustness and PIL is used to calculate
the CPU loading and time profiling of the control schemes.
Parameters of the system and control schemes are tabulated
in table 1 and 2.

A. ROBUSTNESS TEST: HARDWARE IN THE LOOP TESTING
Block diagram of the experiment is shown in Fig. 4. Also the
experimental test bench is shown in Fig. 5.

As shown in Fig. 4, the DIBMS system is integrated to
a DC supply which emulates DC bus voltage. DAB is used
to charge a battery bank of 24 Volts. DSP control card
TMS320F28379D drives the power switches of the DAB
converter through driving circuits. Moreover the control card
communicates with MATLAB/Simulink environment in real
time using high speed serial communication channel.

B. COMPUTATIONAL RESOURCE UTILIZATION TEST:
PROCESSOR IN THE LOOP TESTING

In order to compute the utilized computational resources by
each variant of controllers, a PIL test is conducted. Block
diagram of the PIL test is shown in Fig. 16.
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1) ROBUSTNESS TEST UNDER VARIABLE

REFERENCE COMMAND

A variable reference voltage is applied to validate the DAB
performance with PI, SMC and proposed control schemes.
The resulted tracking response of the DAB with the various
control paradigms is shown in Fig. 6. Initially a reference
voltage of 24 V is used, that is abruptly changed to 14 V
after t+ = 20ms. Another abrupt change is made to bring
the reference signal again to 24 V after 100 ms of time at
t = 120ms and then again to 14 V after duration of 100 ms
at t = 220ms. The PI response is slow and converges to
reference voltage in 80 ms, whereas the rise time (7,) for
PI control paradigm is 40ms with no overshoot. Conversely,
the proposed and SMC controllers have improved perfor-
mance as compared to PI control scheme paradigm as shown
in Fig. 6(b) and Fig. 6 (c) respectively. It can be seen from
Fig. 6(c), that the compared to PI, SMC provides a minor
overshoot of 0.3 V, rise time of 0.2 ms and the settling time
is 3 ms. The proposed control scheme surpasses both the
PI and SMC in terms of overshoot, rise time, and settling
time as shown in Fig. 6(b). The proposed control is robust
with fast convergence providing a more minor overshoot of
0.1v with rise time of 0.5 ms and settling time of 5 ms.
The performance of FOSMC controller is validated using a
reference voltage varying between 24 V and 20 V. The out-
turned response of FOSMC is shown in Fig. 7. Fig. 7 shows
the FOSMC response for two different values of «. It can be
seen that for « = 0.95, the FOSMC has overshoot of 0.5v
and undershoot of —0.5v, whereas for « = 0.99, the FOSMC
provided a higher overshoot of 1.1v and undershoot of —1.1v.
Thus it is clear, that the FOSMC with o = 0.95 has improved
performance as compared to FOSMC with o = 0.99. The
corresponding phase shift counts generated with PI, proposed
control scheme and SMC controllers is shown in Fig. 8.
The PWM register counts are considered as phase shifts
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controller.

ranging from O to 250 and corresponding to 0 and 90 degrees.
As evident from Fig. 8a, the corresponding phase generated
with PI controller does not settle in finite time, while in case
of proposed control, it settles in finite time (Fig. 8b). For
SMC controller, the phase shift count contains high frequency
chattering (Fig. 8c) which is undesirable for practical imple-
mentations. The proposed controller utilizes adaptive Heb-
bian algorithm to tune its weight online. The corresponding
experimental results are shown in Fig. 9. It is evident from the
presented results, that the adaptive weights are adjusted sub-
ject to the change in reference command within the same time
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interval, thus making proposed controller robust to changes.
From the presented results and analysis, it is concluded that
proposed controller is as robust as SMC and the phase count
corresponding to proposed control is free of chattering. The
corresponding phase shifts of the two variants of FOSMC
schemes with source voltage variations are shown in Fig. 10.
During (125 — 220) ms duration, whereas the reference
voltage is abruptly changed from 24v to 20v, the resulting
phase shifts show a decrements to lower values and at t =
200 msec, it increases and again becomes constant. For both
variants of FOSMC, the phase shift count is initially fixed at
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approximately 160 counts. In case of « = 0.99, the phase
shift counts decrements from 160 to 136 whereas in case
of « = 0.95, the noted decrements is from 160 to 132
respectively.

2) ROBUSTNESS TEST UNDER SOURCE VARIATION
In this test the reference voltage is kept constant whereas
the source voltage is varied between 12V and 16V . Initially,
the source voltage is kept constant at 12V up to t = 20ms,
and is then changed to 16V after t = 20ms up to t =
120ms. The response of the PI, SMC, and proposed control
schemes is shown in Fig. 11. The PI control paradigm shows
a huge overshoot of 2.8V and also an undershoot of —2.8V
with slow convergence to the reference voltage as shown
in Fig. 11 (a). The proposed control paradigm gives a better
response as compared to PI control scheme with overshoot
and undershoot of 0.9 V and —0.8V respectively as shown
in Fig. 11 (b). The SMC has much improved performance as
compared to the PI and comparable performance as of the
proposed control. SMC gives a lesser overshoot of 0.7 V and
undershoot of —0.7 V as shown in Fig. 11(c). But, due to the
inherent chattering phenomenon, the SMC is exposed to high
frequency oscillations, questioning the practical viability of
SMC paradigm.

To test FOSMC paradigm, the source voltage is varied
between 12V — 16V whereas the reference voltage is kept
constant at 24 V. Initially, the input source voltage is kept
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fixed at 12v from t=(0 — 120) msec and t=(220 — 300)
msec and changing abruptly to 16v for t=(120 — 220) msec.
Fig. 12 shows the resulting voltage response of the FOSMC
paradigms for @ = 0.95 and o = 0.99. The FOSMC scheme
with ¢ = 0.95 converges at t = 140msec with overshoot
of 0.2 V and undershoot of —0.2 V. Conversely, the FOSMC
scheme converges at t = 170 msec with overshoot and under-
shoot of 0.2 V and —0.2 V respectively. This shows that the
FOSMC scheme with @ = 0.95 has improved performance
as compared to o = 0.99.

Fig. 13 shows the corresponding phase shift counts gen-
erated with PI, proposed and SMC controllers. As evident
from Fig. 13a, the corresponding phase generated with PI
controller does not settle in finite time, while in case of
proposed controller, it settles in finite time (Fig. 13b). For
SMC controller, the phase shift count contains high frequency
chattering (Fig. 13c) which is an undesirable phenomena for
practical implementations. The proposed controller utilizes
adaptive Hebbian algorithm to tune its weight online. The
corresponding experimental results are shown in Fig. 14. It is
evident from the presented results, that the adaptive weights
are adjusted subject to the change in source voltage variations
within the same time interval, thus making the proposed
controller robust. Moreover the control signal is chatter free
so making it feasible for practical implementations. The cor-
responding phase shifts for FOSMC are shown in Fig. 15.
During the time (125—250) msec, when the source voltage
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is varied, an incremental variation in the the corresponding
phase shifts for both variants of FOSMC is noted and again
decreases to reach the constant settled count at t = 250msec.
An incremental increase in the phase shift from 158 to 176 is
noted for the FOSMC with @ = 0.99, whereas the incremen-
tal increase is from 160 to 172 for « = 0.95.

In the PIL setup, DAB converter system runs in the
software environment (Simulink), while the control sys-
tem runs from the DSP hardware. DSP hardware generates
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FIGURE 17. CPU loading.

the appropriate control signals and these are communicated
through high speed serial port with the DAB converter run-
ning in the Simulink environment.

3) COMPARISON OF COMPUTATIONAL RESOURCE
UTILIZATION AND TIME PROFILING

Fig. 17 shows the CPU utilization comparison of all variants
of control schemes tested in this paper.A discrete version of
PI control scheme utilizes small computational resources and
CPU is loaded only by 2.11 %. The proposed control scheme
is tested in PIL experiment and it utilizes medium compu-
tational resources and the CPU is loaded only by 12.43 %.
Similarly, the PIL test results with integer order SMC control
shows CPU loading of 19.02%. In the last test the FOSMC
controller showed CPU loading of 29.28 %. Similarly the
time profiling comparison of all variants of control schemes
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under test are shown in Fig. 18. The proposed controller
utilized medium time profiling as compared to the SMC and
FOSMC.

VIi. CONCLUSION

In order to draw a meaningful conclusion about the research
findings presented in this paper, 4 variants of control schemes
have been derived and tested experimentally for a DIBMS
system connected to a micro-grid system. As mentioned the
goal of this paper was to find the best industrial grade con-
troller which exhibits robustness and it also utilizes low com-
putation resources. From The experimental results discussed
above, the proposed control scheme is found to be as robust
as SMC and FOSMC controllers. Moreover, the SMC control
scheme offers high frequency chattering in control signal.
With respect to the utilization of computational resources,
FOSMC controller was the most expensive control scheme
and CPU loading of 29.28 % was observed, followed by
SMC controller with a loading of 19.02%, however it also
introduced high frequency chatting in the control signal.
PI controller utilized lesser resources of 2.11 % as compared
to all other variants of control schemes however the control
performance indicators are poor as evident from the pre-
sented results. The proposed controller caused a CPU loading
of 12.43 % and its control performance indicators are as good
as the robust control schemes such as SMC and the presented
two variants of FOSMC. Thus, based on the collected results,
the proposed controller turned out to be the best industrial
controller for DIBMS integrated micro-gird system.

APPENDIX 1

The fractional order operator mathematics are explained
in this section under two definitions knows as Riemann—
Liouville and Caputo fractional order derivatives and integra-
tions. These both equations are differed by their dealing with
initial conditions explained as follows:
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The Riemann—Liouville Definition 1: According to this
definition, the derivative and integration of a function f(¢)
defined as follows [53].

@)
oSO =D ) = s / o (28)

f(@)

‘L')a m+1

wppn _ 1
WD f ()= Wf( )= INCS) (x) dt’" 7

(29)

where I'(.) is the gamma function, m € N and m — 1 <
a<m

The following relation holds: ,D;*(;,1;“f (¢)) = f(t)

The Caputo Fractional Order Derivative Definition 2:
According to this definition, the derivative of a function f(¢)
can be derived as follows [53]:

tthaf(f)
! t f(’")(r) drt l<a<
T om— a<m
D(m—a)j (t—7)*™" (30)
dm
Wf( ) a=m

The Caputo definitions can also be proven true for the follow-
ing relation: ;,D;* (1, [;%f (1)) = f ().

APPENDIX 1l
it has been proven from (25) that S,rp = 0. Thus the (18) is
expressed as follows:

=——D" 31
e ol e (€29
Lemma 1:. The following expression gives the fractional
integral of function f(¢) with fractional derivative and is
expressed as follows [53]:
[r — a]zx—n
INoa —n+1]
(32)

DD () =F(1) = D [aDY " (D)]i=a

where I" represents gamma function.
Lemma 2:. The following condition becomes true when the
function f(¢) fraction integral is upper bounded [53]:

D7 f Ollp < Yllf Ollps [1 <y <0051 < p < 00]
(33)

Applying Lemma 1 to the LHS expression of (31) and

Lemma 2 to the RHS of (31), one gets the following relation:
. (t—t1,)°!

LD el = G

From (34), when t = ¢, then D™*D% = e. The expres-

sion e = D™2D? e is also mathematically valid. Applying

Lemma 1 to (34) one gets:.

D™ *D% = e —

(t —1,)>"!

D72D% = e(t) — [, D> el 5

—e(ty) (35)
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Now applying the Lemma 2 to the RHS terms of (31) gives
the relation as follows:

Gy
o D™ %||— < yyllell,
4

Following expression is obtained when left hand side terms
of (35) and (36) are combined:

(t —t,)*!
2

(36)

lle(t) — [, D> 'eli=, Il — lle(t)Il < —vsllell,

(37)

The error e(t) becomes zero by setting ¢ = f; in (37) and the

resulting remaining expression is given as follows:
2e(ty)
e(tr)

Equation (38) validates the finite convergence time of the
proposed controller.

(3%)

r =ts
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