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Abstract- Use of nonconventional energy sources for traction applications is a reliable solution to promote the green
environment. Wind energy available is intermittent in nature. The usage of energy storage systems is essential for reliable
operation. The Fuel cell and electrolyzer serve as backup sources for reliable operation, as do a super capacitor and a battery
bank. Satisfactory performance of the PMDC motor can be achieved by operating at high voltages. The energy storage system
is integrated with the grid by utilizing a DC-DC Bidirectional converter topology. A novel sliding mode current controller is
proposed to balance the power within the operational constraints. This is the most promising controller among the different
nonlinear current controllers due to the capability of direct calculation of required converter control voltage. Finally, plenary
results are obtained through simulation. The suggested control scheme's real-time performance is evaluated using a hardware
test bench setup using a SPARTAN 6 FPGA Kit.

Keywords Sliding mode controller, DC Microgrid, Bidirectional DC-DC converter, Kalman filter, MATLAB (Matrix
Laboratory), Simulink.

NOMENCLATURE
Puwing Instantaneous output power. 1. Introduction

Psupercapacitor Total value of power supplied/absorbed

by super capacitor.

Now a days, everyone looks after DC Microgrid due to its

PLoad Immediate power consumed by the load flexibility and efficiency. According to the daily load
Peatery Total value of power supplied/absorbed variations of residential localities, a mathematical model is

by Battery ) presented by considering the data and discussing the
Q Process noise covariance importance of system efficiency in [22]. Efficiency, multi-
Ugap, Veap G_“d and converter voltage vectors stage power electronic converters, and complex frequency
lsop Line current _ and regulation problems are the primary motivators for
Ry, Ly Line resistance and inductance shifting the focus from AC Microgrid to DC Microgrid.[1]
Pg, Qq Real and reactive powers [10] [20-21]. Energy management of DC Microgrid with
SMCC Sliding mode current controller decoupling, state machine and fuzzy logic strategies was
SESS Smart energy storage system discussed to validate the PI control strategy, and concluded
MPPT Maximum power point technique that P1 control strategy is better than decoupling and state
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machine control strategies in terms of hydrogen consumption,
Fuzzy controller performance is close to Pl, as discussed in
[24]. To meet the needs of business and society, scientists
have been encouraged to use non conventional energy
sources to reduce transmission and distribution losses [11]-
[13]. Wind generation is the most promising generation
according to the Indian environment, but the sporadic nature
of this source arises due to changes in levels of temperature.
Hence it is better to adopt an efficient MPPT technique like
[25] the Kalman Maximum power point algorithm. The
Neural network based kalaman filter [23] is designed to
improve the accuracy of electrical parameters and verify the
performance of MPPT using the perturb and observe
algorithm, kalman filter, under different irradiance and
temperature levels, and it was concluded that the kalman
filter is able to track maximum power better than P&O
algorithm. In references [2][3], they also performed the
experimental evaluation of different MPPT algorithms and
concluded that Kalman filter MPPT algorithm gives better
results when compared to remaining MPPT Techniques.
Because of the promising nature, such as increasing overall
capacity, handling of sporadic nature, transmission relief, and
good quality, storage systems are very important in DC
Microgrids for energy backup. Energy storage systems are
subdivided into transient nature like super capacitors and
relaxed nature devices like batteries. Super capacitors, also
known as electric double layer capacitors, are high
capacitance capacitors with numerous advantages, such as
long life, good power density, and an extraordinary
temperature range. Although the super capacitor provides
greater performance in most areas, it cannot be employed as
the primary ESS due to its low energy density. Similarly,
super capacitor technology is still developing, so they are not
as trustworthy as traditional batteries. In a hybrid energy
storage system, batteries and super capacitors can
complement each other. In [26], they proposed a DC
microgrid with PV, a Fuel Cell, and a hybrid energy storage
system including a super capacitor and a lithium-ion battery
for better improvement of power quality in ESS. [14]
investigates a dg power flow based storage unit controller for
microgrids, ensuring load balancing in grid connected and
disconnected modes, as well as under unbalanced load
conditions. Generally, the electrolyzer tapped additional
power at the common bus bar. A Fuel cell and an electrolyzer
work together to provide a smart energy storage system
(SESS) [15]. DC-DC power conversion circuits face issues
like efficiency and stress at very high operating voltages. In
this paper, the DC-DC converter uses inductors which are
coupled in an interleaved manner. High gain input and
parallel output series DC-DC converter intended for boosting
purpose is presented in [5][19]. Traditional DC-DC
converters failed to achieve low level terminal voltage to high
level terminal voltage conversions to grab the advantages like
high gain, bringing down the complexity of controlling a
bidirectional circuit with novel multistage non isolated three
port converter to feed residential load applications. Due to
increased number of ports, this system is flexible to change
the rate of PV panels and even it is possible to add more
batteries [6]. BLDC driven Electric braking methods at all

speeds with different number of switches are proposed in [4].
By considering all advantages and methods of the above
references, this work presents control of wind based power
generation with DC Microgrid added by a super capacitor and
a Battery. The sizing of charge controller for batteries which
are suitable as a backup source for wind power plants is
discussed in [7]. For smart energy storage systems, fuel cells
are also added to maintain proper DC bus voltage. After
selection of components or sources for the microgrid, need to
focus on power management methodology. One of the
popular methodologies is outer Pl voltage control and an
inner current controller for switching pulse generation. But
these types of controllers fail due to large settling times
because of large overshoots and also because of continuing
steady state errors that deviate the system output from the
desired output. To relieve all the above consequences, it is
decided to apply an outer loop voltage controller in addition
to a nonlinear type of current controller such as a sliding
mode current controller. The Conventional sliding mode
controller leads to long term convergent behavior due to
mismatches in estimation of system uncertainty bounds.
There will be sustainable steady state error discussed in [9].
A sliding mode controller based on a decentralized
architecture is proposed for the stability of DC microgrids
[27]. The sliding mode controller is the solution to maintain
stable DC bus voltage because DC bus voltage will become
unstable due to constant power load as discussed in [16][18]
and the necessity of sliding mode controller for power
electronic converters in [17]. The main goal of DC Microgrid
is the stability of DC bus voltage. This paper concentrated on
the stability of DC Microgrids by varying the speed of wind.
According to the references above, it is observed that the
kalman MPPT algorithm is better at tracking the maximum
power available from wind turbines. A new kind of sliding
mode current controller is proposed to make the system free
from dynamic swings, to settle the system output stable in a
short time, and to keep the large overshoots away.

Fig. 1. Wind source based DC microgrid under study
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The PMDC motor is operated both in motoring mode and
regenerative mode under different load torque conditions to
observed stable DC bus parameters. Overall , the designed
DC Microgrid is stable and able to balance the load under
different operating conditions. The proposed controller
configuration for DC Microgrid is tested using
MATLAB/Simulink and plenary outcomes are obtained, and
the results are compared with the traditional controller,
which is an outer Pl loop controller with an inner PWM
current controller.

2. System Under Consideration

In this paper, Wind Power plant is used as the main
source. Fuel Cell, Super Capacitors and Battery is used as the
holdup sources for electric traction applications. The system
under consideration is shown in Fig.1. A Kalman filter based
MPPT technique [8] is applied to the wind power plant to
extract the maximum output. In this high gain DC-DC
converter, voltages are applied to attain high terminal
voltages. Here, for the actual division of power among all the
DC microgrids, the sliding mode current controller power
management technique is applied. To identify the
effectiveness of the controller, the designed system is tested
under MATLAB/Simulink environment.

The output power balance equation is

PWlND/FueIceII = PSupercapacitor + PBattery + I:)Load (1)
Where Ry\p/rieien 1S the instantaneous output power

generated by wind power plant or fuel cell.

P

supercapacitor 1S the total value of power flowing from or

obtaining to the super capacitor.

P

Battery 19 the total value of power flowing from or obtaining

to the battery while charging and discharging.

Ploag i considered as immediate power consumed by the

load.
3. Power Management Control Strategy

3.1 Control of DC-DC Converter

In this case, the boost converter switching pulses are
generated by the Kalman MPPT technique [9]. To model the
system and to generate switching pulses for the boost
converter circuit, the system is modelled using state space
analysis [8].

The state of a system is represented by

X[x+1] = A X[x]+ B U[x] + C Z[x] (2)

Y (x)= DX[x]+U[x] ©))

Where X[x] represents state, U[X] represented as input,
Y[x] is represented as output, Z[x] is considered as process
noise and U[X] represents noise of measurement.

Under noisy conditions, this Kalman MPPT algorithm
shows its effectiveness while measuring the state of a
considered network.

This MPPT algorithm is implemented by employing
recursive assessment updates and temporal updates across
time to fix the state estimations.

To evaluate the actual values of time and assessment
corrections, need is there to include the assessment update of
the Kalman gain

K[x]= M[X]-(M[x]- +V)- (4)
V is the assessment noise covariance (Correction value).

MIx]- is the covariance of the error from the most recent
time interval. The error in gain updates the estimates of U[x].

UIX]=U[X]" +KIX]DY (X)-U[XT") 5)

Updates of error covariance M[x]=(1-K[x]) M[x]-

Time update (predicted value)

QIX1-Q[X -]

U[X +1" =U[X]+ N'U[X]—U[X =

(6)

N is the specific step size

M[x+1]=M[x]+Q , Q is the process noise
covariance. With all these measurement and time updates, the
results are near to the maximum power point.

3.2 Designing of Current Controller for Grid Connected
Voltage Source Converter

3.2.1  Practices of VSC Coupled to The Grid

In a fixed frame of reference assume both VSC and grid
are ideal voltage sources. The supply, converter voltages, and
line currents have the following relationship [8] :

Ugos = 13asRg

di
ap
gap +Lg dg'[ +Vgaﬁ (7
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The grid-side instantaneous real and reactive power
values may be computed as

. 3 -
P, +iQ, == Ugos™ Lo (8)
3, . .
Py = =% Ugaig +U i) ©)

3 . .
Q, :_E(Ugﬂlga _Ugalgﬂ) (10)

From equations (9) & (10) iga ,igB  (line currents )

represented as

Iy BUS —Ugs Uy, Qg
U, :VUSa +u92ﬁ

3.2.2

11)

Proposed Current Controller

The proposed control method is established according to
the creation of an intermittent control signal that steers the
operating states of the system regarding the particular
manifolds in the state space. These manifolds are chosen in
such a way that the control system exhibits the desired
behavior when the states converge on them. In this work, The
stationary-frame line currents of grid-connected VSCs are
regulated using a sliding mode current control (SMCC)
system [23].

3.2.2.1 Sliding Surface:

The sliding surface is configured as [9]

s=[s,s,| 12)

The switching surfaces play a crucial role, which are built
using back-stepping and nonlinear damping approaches [23].

S, =¢e,(t)+K, j'ea (r)dz—e,(0) (13)

S,=e,(t)+K, jeﬁ(z)dr—eﬂ (0) (14)

Where,
e, =i —ig, ’ e (=i  —ig

Approximate errors are e, (t) , eg(t). K & K, are gains.

When the system states reach the sliding manifold and slide

down the surface, the process is said to be complete.

ds  dS

S =S,=—2=—"_0 15
« 77 dt dt =
From (13) & (14)

de (t)

ar’—-—K t 16
o & (t) (16)
de, (t)

gt =—K,e,(t) a

The above two error equations ensure that the power
errors are converges to zero.

Here Ka & Kp are positive values chosen for desired
transients of the system.

3.2.2.2 Sliding Mode Current Control (SMCC) Law

The aim of the SMCC design is to compel the system
state trajectory to interact with the surfaces of the switching
stated above. The SMCC [17] system was devised in this
study to create the inverter's reference voltage as the input to
the SVM module.

By differentiating So.and SB in (13)& (14)

ds, de d . . o

e ek e ()=—(; —i, )+K (i i (18)
dt dt o a() dt(ga ga) a(ga ga)

dS, de d .. . .

(Ttﬂ sz“ K, e/,(t)=a(|gﬂ =iy, )+K (i;, =i;,) (19)

From (11), the reference currents can be obtained as

Fen: I
i;ﬂ 3U§ “Ugs —Ug Q;

where Pg*&Q; are the immediate real and reactive power

(20)

reference values, respectively.
d d

dlig |2 [Tgtle Tgtw || P
dt i;/, 3U§ d d Q;

-—u, -—U
da ¥ dt

(21)

Consider a grid voltage that isn't distorted,

u, =U, sin(a,t)

Uy, = —U, cos(ayt)
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As a result, the instant grid voltage variations are calculated
as follows:

du

d:“ = U, cos(at)=—mU,, (22)
du

di” = oV, sin(et)=au,, (23)
dllge |20 | Uor ~Ue | Py (24)
dt igﬂ 3ng —Uge  —Ugg Qg
The line currents' derivative is written as
dt Iy Lg Ugs Vs Lg Iy

d—sz F+iV
dt L, °

F:[Fa Fﬁ]T ’Vg:lvga VgﬂJT

:20’2{ Uys _uga} Pg* _l{uga _Rg?ga]_l_ Ka(i-%a_iga) (26)
Uy Uy Uy | Q] L[ Uy Ry Kﬂ(lgﬂ_lgﬂ)

A Lyapunov technique is commonly employed in sliding
mode control design to identify the context of the control law
that will push the equilibrium manifold's state orbit. It is
decided to use the quadratic Lyapunov function.

Where

Fa
Fﬂ

wzésTszo (27)

The differentiation of W on the state trajectories of (27) is
given by

.
dﬂ—}(STd—S%di):S —=F+—V

- (28)
dt 2 dt dt dt L ¢

The switch control law must be designed in such a way
that the time derivative of W is clearly negative with ‘S’ not
equal to zero. As a result, the following control law has been
chosen:

F, Ky 0 [sign(S,)
Y= LQHFJ{ 0 KﬂJLig”(Sﬂ)}

(29)

where K ; & K 5, are +ve control gains,
sign(Sa)&sign(Sﬁ) are switching pulses for the line

currents.

3.2.2.3 The Proof of the Stability

For stability make dW <0.If S .sign(S,)>0
dt

&S, .sign(S,)>0 then

W ds ST{KM 0 }{sign(sa)}

- - _ (30)
dt dt 0 Ky |sign(S,)

The differentiation of Lyapunov function dW s certainly
dt

negative so that it achieves asymptotically steady behavior.

3.2.2.4 Demonstration of Robustness

d—sz F +ivg +H
dt L,

‘S’ is the sliding surface

H :[Ha H ﬂ]T , H represents disturbances of the system.

Eq (30) can be written as

M—STd—S——ST H, B K, 0 [sign(S,) (31)
dt T odt Hy| | 0 K, |sion(s,)

If K, >|H,|&K, >|H,|, The Lyapunov function

differentiation is still clearly negative. As a result, the SMCC
has a high level of robustness.

DC Link Voltage, Battery SOC and
Supercapacitor SOC information

l

DC Link
Voltage

Vae>Vimin Vie<Vimin

Motoring mode

YE
Idc(ref)>100 Hz

l Regenerating
mode

YES
Idc(ref)>100 Hz

YES

Power Fuel cell Supercapacit
supplied to Battery Supercapacit | | Supercapacit || g ppieg

electrolyser charge or charge or Idle Power

Battery
Discharge

Supercapa
citor Idle

Discharge

Fig. 2. Flow chart for the Power flow control
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4. Simulation Results And Discussion

The Wind power system connected to grid as displayed in
Fig.l1 has been designed and evaluated on the
MATLAB/SIMULINK software platform under various test
cases. Fig. 2 shows the flowchart for power flow control.

Case 1: The motor's load torque is constant in this
example, at 3.5 Nm. From 0 to 1s, the speed of the wind

5000~
8 ! —Battery — Supercapacitor —Load ——Wind —Fuel Cell Electrolyzer — Grid
4000 4
3000
T——
z 2000k 1S = mrrnres
5 h—
2 100
B

N m

0 = . s ainan
1000—\P—A// 1

2000 1 1 1 1 I 1
)O(D 0.5 l 15 2 25 3 35 q 45 5

Time (s)

[
=

o
T
L

=
T
L

Current{Amp's)
o

0 4
5k 4
=10 1 1 Il Il Il 1 1 Il Il
0 05 1 15 2 25 3 35 4 45 5
Time(Sec's)
200 . . T T
150 1

Voltage(Volt's)
3
T
|

Il
0 0.5 1 15 2 25 3 35 4 45 5
Time(Sec's)

TPower (W)

Fig. 3. Participants in the microgrid sharing power

remains constant at 12 m/s, then gradually decreases to 9 m/s
from 1s to 4s. Finally, from 4s to 5s, the speed is prolonged at
9 m/s. The SOC of a battery is defined as less than 70%.

3500,

—Rattery — Supercapacitor — Load — Wind — Fuel cell — Grid — Electrolyser

3000 b

25001 B

2000H -
1500

1000 fir i

N

=300 b

300

_laon T T I |
l(On 05 | 1.5 2 25

Time (s)

-
e
i
W

20

=
L

=
L

Current{Amps's)
)
L

<n
L

=10 | Il Il Il Il
0 05 1 15 2 25 3 35 4 45 5
Time(Sec's)
200
150+ 4

=
=
L

“oltage(Volt's)
= =
L I

n
=
L

Il
0.5 1 15 2 25 3 35 4 45 5
Time (Sec's)

=
=
=

Fig. 4. Wind turbine parameters of the boost converter (a) current (b) voltage
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Fig.5. DC bus parameters (a) Current (b) Voltage
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z g
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Fig. 6. Parameters of wind turbine (a) wind plant output (b) Speed of the wind
Nm. At 1.5 Sec, the torque abruptly increasing to 6 Nm .
Case 2: The wind system speed is kept constant at 12 Finally, at 3.5s, it is expanded to 8 Nm and maintained at
m/s in this scenario. The PMDC motor is in motoring 5s. The battery's state of charge (SOC) is greater than 90%.

mode. From 0 to 1.5s, the load torque is kept constant at 5

4000 2500 - -
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Fig. 8. Parameters of PMDC motor (a) Torque (b) Speed
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Case 3: The wind speed is kept constant in this case, at immediately dropped to -0.5 Nm at_l.Ss. Finally, at 3.5s, it
12 m/s. The PMDC motor is in regenerative mode. From drops to -1 Nm and stays there until 5s. The battery's state
. . . . s 1 0,
0 to 1.5s, the load torque is maintained at 1 Nm, then it is of charge (SOC) is less than 70%.
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Fig. 11. Parameters of PMDC motor (a) Torque (b) Speed
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The results obtained using the existing power

management controller are shown in Fig. 3 — 12 (left side)
(i.e., outer PI loop, inner PWM current controller). The
results of the proposed sliding mode based power
management algorithm are shown in Figures 3-12 (right
side). The output waveforms from the 3-phase rectifier are
shown in Fig. 4 and are fed into the high-gain boost
converter. The DC common bus bar specifications are shown
in Figure 5. In comparison to the existing controller, the
proposed controller produces better results (see Figs. 4 and
5). Because the wind turbine's high-gain DC-DC boost
converter uses the Kalman algorithm, it produces higher
output power for a given speed than a traditional MPPT, as
illustrated in Fig. 6. With the motoring mode, Fig. 7 depicts
the power-sharing among microgrid participants (i.e., Case
2). When the battery's state of charge (SOC) is more than
90%, battery stops charging since the torque of the load is
lesser than the output power. As shown in Fig. 7, the
electrolyzer receives up to 1.5 seconds of power before the
battery supplies the necessary power for the load. Even under
fluctuating load torque settings, the suggested controller is
assured to produce good results, as shown in Fig.7. The
torque characteristics, speed characteristics of the PMDC
motor are shown in Fig.8. With the controller which is
mentioned in literature, the speed is disrupted at 3.5s due to
the abrupt rise in load torque, but with the proposed
controller, the speed is in a consistent manner.

The DC bus bar parameters are shown in Fig.9. The DC
bus voltage with the suggested controller has smaller
overshoot and is steadier. The power-sharing among
microgrid participants with the regenerative mode is depicted
in Fig. 10. (i.e., Case 3). As shown in Fig. 10, The proposed
controller, which is utilized to manage the power, produces
better results throughout the regenerating time, as compared
to the controller mentioned in the literature, which failed to

maintain stability. Figure 11 exhibits the PMDC motor’s
torque and speed characteristics. The controller mentioned in
the literature accounts for the sudden increase in load torque,
but with the proposed controller, the speed remains constant.
The suggested controller is able to maintain DC bus bar
voltage constant. Finally, when compared to the existing
power management controller, the suggested controller has a
faster settling time, a lower transient response, and the
intended output is produced without deviances. DC bus
parameters are shown in Fig. 12.

Hardware Analysis:

The DC Microgrid test setup has evolved to inspect the
sliding mode current controller. The test setup consists of
wind generation, battery- super capacitor, PMDC motor,
sensor circuits, and a SPARTAN 6 FPGA board. The wind
plant is implemented using an uneven DC source. The rating
of the battery is 12v, 7 Ah and a capacitor bank of 10 mF is
taken. The experimental test setup is shown in Fig.13.

Fig.13. Experimental Test setup
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The test setup is run with a constant load torque of 2 Nm.
The voltage and current waveforms that arise are depicted in
Fig. 14. The analysis is also carried out with two load torques
(i.e., 1 Nm and 2 Nm), the accompanying voltage and current
waveforms given in Fig. 15. It has been confirmed that the
suggested controller, which generates DC-DC converter
pulses based on the load as indicated in Fig. 16, maintains a
steady load voltage at all times.

1L.oad change 2 A

e

1 A

ey

400 NV

e .

Fig. 14. Voltage and Current waveforms at a load torque of
INm & 2 Nm. ( Orange line: Y- (current): 1 Amps/div;
X(Time): 0.5secs /div; Blue line : Y- (voltage): 300
Volts/div; X-(time): 0.5secs /div))

Discharge Pulse For 2.A

Discharge Puls\eIan 1A

Fig. 15. Switching pulses supplied to DC-DC converter
(SCALE: Y- axis: 1Volts/div; X-axis: 0.5micro sec/div)

5. Conclusion

The generation of power should be expanded in tandem
with the maintenance of clean and environmentally friendly
sources, as the demand for electricity is rapidly increasing. In
this situation, this study proposes a strategy for generating
clean energy from wind sources as well as energy storage
devices in order to ensure grid stability for traction
applications. This study describes the design, analysis, and
implementation of a dynamic power management scheme
with a sliding mode controller for a DC microgrid system that
includes a wind generator, energy storage system, and smart
energy storage system. By ensuring equitable power
distribution among microgrid participants, the controller
utilized in this system maintains a persistent voltage at the
DC- bus bar in a variety of circumstances.
MATLAB/SIMULINK is used to model the entire system,
and the DC Microgrid is tested in a real time environment.
Both simulation and real-time results are satisfactory,
demonstrating the effectiveness of power sharing.
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