L ngineerin
‘,1“"‘“' 5, 7o

. ISSN No: 2348-48435
International Journal & Magazine of Engineering,

Technology, Management and Research

A Peer Reviewed Open Access International Journal

Standalone DC Micro Grids for a Three-variable Optimal Energy
Management Strategy

R.Nitish Kumar
M.Tech(EPS),
Arjun College of Technology and Sciences,
Batasingaram.

Abstract:

Due to substantial generation and demand fluctuations
in standalone green microgrids, energy management
strategies are becoming essential for the power sharing
and voltage regulation purposes. The classical energy
management strategies employ the maximum power
point tracking (MPPT) algorithms and rely on batteries
in case of possible excess or deficit of energy. In order
to realize constant current-constant voltage (lU)
charging regime and increase the life span of batteries,
energy management strategies require being more
flexible with the power curtailment feature. In this
paper, a coordinated and multivariable energy
management strategy is proposed that employs a wind
turbine and a photovoltaic array of a standalone DC
microgrid as controllable generators by adjusting the
pitch angle and the switching duty cycles.

EXITING CONCEPT:

The stability of a dc microgrid is measured in terms of
the stability of its dc bus voltage level which is one of
the main control objectives. The grid voltage source
converters (G-VSCs) are the primary slack terminals to
regulate the voltage level of grid-connected
microgrids. Battery banks, on the other hand, are
effective slack terminals for standalone microgrids
their energy absorbing capacities are limited regarding
a number of operational constraints.
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Proposed concept:

The proposed strategy is developed as an online
nonlinear model predictive control (NMPC) algorithm.
Applying to a sample standalone dc microgrid, the
developed controller realizes the IU regime for
charging the battery bank. The variable load demands
are also shared accurately between generators in
proportion to their ratings. The DC bus voltage is
regulated within a predefined range, as a design
parameter.

INTRODUCTION:

The microgrid may operate as an extension of the main
grid, (grid-connected) or as a standalone grid with no
connection to the grid. Standalone dc microgrids have
some distinct applications automotive or marine
industries, rural areas. Since ac systems suffer from the
need of synchronization of several generators, dc
microgrids are more efficient due to the fact that dc
generators and storages do not need ac-dc converters
for being connected to dc microgrids. The few issues
regarding voltage regulation, power sharing, and
battery management, is severe in standalone green
micro grids that consist of only intermittent solar and
wind energy sources, and lead to the necessity of more
controllable strategies. The grid voltage source
converters are the primary slack terminals to regulate
the voltage level of grid-connected microgrids. Battery
banks, on the other hand, are effective slack terminals
for standalone microgrids.
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Their energy absorbing capacities are limited
regarding a number of operational constraints, as
explained later in this section. In order to regulate the
voltage level of standalone dc micro grids. Present
load shedding strategies for the cases in which there is
insufficient power generation or energy storage.
Present strategies that curtail the renewable power
generations of standalone dc micro grids if the battery
bank cannot absorb the excess generation. These
curtailment strategies restrict the batteries charging
rate by the maximum absorbing power.Standalone dc
microgrids are usually located in small-scale areas
where the power sharing between DGs can be
managed by centralized algorithms which are less
affected by two issues:

a) Batteries in charging mode are nonlinear loads
causing distortions to the grid voltage

b) The absolute voltage level of a standalone microgrid
is shifted as the result of the load demand variation.

A number of phenomena affect the batteries operation
during the charging mode [19]:

1) Applying high charging currents, the batteries
voltages quickly reach to the gassing threshold.

2) The internal resistor and hence power losses and
thermal effects increase at high SOC levels.

3) Batteries cannot be fully charged with a constant
high charging current.

Operational constraint, the maximum absorbed power
by the batteries in order to protect them from being
overcharged. Therefore batteries act as nonlinear loads
during the charging mode. Depending on the
proportion of the power generation to the load demand
ratio within standalone DC microgrids, three cases are
possible.

1) Power generation and load demand are balanced;

2) Load demand exceeds power generation causes dc
bus voltage to drop in absence of any load shedding;
and

3) Power generation is higher than load demand leads
batteries to be overcharged and bus voltage to climb.
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Energy management strategy (EMS) is proposed, as its
control  objectives, three aforementioned issues
corresponding standalone dc micro grids; i.e., dc bus
voltage regulation, proportional power sharing, and
battery management. In contrast to the strategies
available in literature in which renewable energy
systems (RESs) always operate in their MPPT mode,
the proposed multivariable strategy uses a wind turbine
and a PV array as controllable generators and curtails
their generations if it is necessary. The proposed EMS
is developed as an online novel NMPC strategy that
continuously solves an optimal control problem (OCP)
and finds the optimum values of the pitch angle and
three switching duty cycles.

It simultaneously controls four variables of micro
grids:

1) Power coefficient of the wind turbine.
2) Angular velocity of the wind generator.
3) Operating voltage of the PV array and
4) Charging current of the battery bank.

It is shown that, employing new available nonlinear
optimization techniques and tools, the computational
time to solve the resulting NMPC strategy is in
permissible range. The proposed strategy implements
the 1U charging regime that helps to increase the
batteries life span.

Block diagram:

Control signals
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Fig. 1.Topology of a small-scale and standalone dc
microgrid.
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DESCRIPTIONS:

The standalone dc microgrid in above figure is a small-
scale microgrid for remote applications. The wind
turbine operates at variable speeds and is connected to
the electrical generator directly, that is, the direct-drive
coupling. The variable speed operation is more flexible
for the power management and MPPT applications.
Furthermore, direct-drive coupling is more efficient
and reliable and is more popular for small-scale wind
turbines. In spite of high cost, permanent magnet
synchronous generators (PMSGs) are the most
dominant type of direct-drive generators in the market,
chiefly due to higher efficiency.

MODELING:

Non-manipulated
variables

(perturbations): >
v= (S, T U Ry DC Microgrid Model:
Manipulated F(x,%,2,u,v3 1) =0
variables e
u=[£.Du0.0,] LoadR,

x :[J}. Q*u‘a)r]r

z=[¢., Viws Lyt ot douske s Vasack » ot Ve Jundc» Tex T s €y SOC, T, Vi }T

Fig2. Modified version of the system model

The authors in [20] presented a mathematical model of
standalone green dc microgrids as hybrid differential
algebraic equations (hybrid DAES). Fig. 2 summarizes
a modified version of the proposed model in [20].
Since this paper focuses on the case in which there is
an excess power greater than or equal to the maximum
possible absorbing rate of the battery bank, the hybrid
nature of the battery bank operation is ignored for the
sake of simplicity. The differential and algebraic
states, i.e,, and , and the manipulated and non-
manipulated control variables, namely, and , are
detailed later throughout the next sub-sections. In what
follows, the following notations are used to model the
standalone dc microgrid in Fig. 1 as DAEs:
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F(x,%,2,1u,v) = fa(x,%,z,u,v) | )
f24 (X._, 5(11 Z, 1, V)

The first two constraints f1 and f2 are due to the fact
that in standalone dc microgrids the sum of the
generated, stored, and consumed powers is always
zero:

fl = Ve (Ipvdc + Lwtde + Iyatde — I!oad)s {23)
f2 =Vae — lipaaRr. (2b)

Modeling of the Three System:
A. Wind Branch.

B. Battery Branch.

C. Solar Branch.

A. Wind Branch

Performance of the wind turbines is measured as the
power coefficient curve with respect to the tip speed
ratio and pitch angle. Equation (3) shows the power
coefficient curve of three-blade wind turbines:

1

f3 = Cp,norm - C—x
P,max

(@ (20— Cexn(- 52+ Can), )

Rad x w,
U,
1 0.035 _,
_ R 3
NT0085 Bl (<)

fa=A- (3b)

fs=XAi—(

Where gamma and bita , respectively, are the tip speed
ratio and pitch angle. Rad is the radius of the blades
and Cp,max is the maximum achievable power
coefficient at the optimum tip speed ratio of gamma
out.

Equation (4) presents the connected PMSG generator:

dw,. 1
fﬁ_ dr (t)_j(Te_Tm_FWT‘): {43)
f’? = —T. X wp — Iytde X Vye, (4b)

U
fS = -1 Xw, — (Cp,nm'm(U—x

x,base

)Sme, {4':)
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Energy management strategies of microgrids must
estimate the dc bus voltage level deviation from its set
point in about every 5-10 s. It means that except the
angular velocity of the generator (4a) all other fast
voltage and current dynamics can be ignored.

For energy management strategies, the average model
of the buck converter is replaced with the steady-state
equations for the continuous conduction mode (CCM)

fQ = Ve — Dy Vi, {53)
fll) — Iw! - Dtufwidc (Sb)
whereDw is the switching duty cycle of the converter

and all remaining parameters are as depicted in Fig. 1.
The average dc output voltage of the rectifier, Vwt, in

presence  of the  non-instantaneous  current
commutation is calculated as follows.
3
Vit = 135V — —weLodyy (6)
m
B ™ 1.35v3Pdw, Vi
fi1 = Lutae — 3Pu.L.D. { 72 - Dw}- (7)

B. Battery Branch:

Charging operation of a lead acid battery bank,
consisting of (Nbatp*Nbats) batteries, is modeled as:

]‘fbstack Ibstack'
= hstock _ o4 Ry ittack
f12 Nbats 0 bat Nbatp
Py Cmax Py Cmax
ac I 1
C'\’rﬂa:lc - QactQ ’ * Qact + O-ICma.x ! (Sa)
anct 1 Ibstack (t)
= 1) —
F8 =4 ® = 3500 Npwy (8b)
dIf 1 Ibstack
=Sl () b (1) — istechy 8¢
fa=-4 (t) Ts( " Noaty ) (8¢)
V.
f15 = vrf;vstack - 1 _chbJ (Sd)
fi6 = Tnstack — (1 — Dy) Ipatde, (8e)
=500 - {1- 2oz | (80
max

the voltage, current, and state of charge of the battery
bank. If is the filtered value of the battery current with
the time constant of Ts and Qact is the actual battery
capacity. The experimental parameter P1 requires
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being identified for each type of battery while the
maximum amount of the battery capacity, Cmax,
internal resistor of battery, Rbat, and the battery
constant voltage, VO, are given by manufacturers. By
ignoring the discharging mode of the battery bank
operation, the bi-directional converter acts as a boost-
type converter [(8d)—(8e)].

C. Solar Branch:

The equivalent electrical circuit of the PV module
[27], [28] is used to mathematically model the solar
branch, consisting of a PV array and a boost converter
[29]. Eq. (9) shows the characteristic equations of a PV
array, consisting Npvp*Npvs of PV modules:

f‘l& =I1w - ph+

Vo + 222 R T,
Iu{exp( P Npwp 77 quP“)—l}—i-

naN, KT,

N o
Voo + Krr_Rstv
PUp
B Fe— (9a)
NDVD RSh

Srs =Iph - Npupx
R, + R,
( R R F.J'rifir:,.str:. + k! (Tr: - Tf:.atc))
]
Joo =Ty — Noyp X
Isc,stc + kf (TE - Tc‘atc)

Ve stetky (Te—Te ape)
epy( Varwstet kv (Te—Toared gy
exp( g V. KT, )1

.
SS!C ’

(9b)

(9¢)

Where Iph denotes the photocurrent and 10 is the diode
reverse saturation current. Rs and Rsh, respectively,
are the series and parallel equivalent resistors of each
PV module and all other parameters are as follows:

q electron charge (1.60218 x 10~19);

K Boltzman constant (1.38066 x 10~2%);

N, number of the PV cells in series as the PV module
(=)

T. current amount of the PV cell temperature (K);

Iicste  short-circuit current of the PV module at standard
test condition (STC) (A);

kg temperature coefficient of the short-circuit current
(A/°C);

kv temperature coefficient of the open-circuit voltage
(V/°C);

s current amount of the solar irradiance (W /m?);

Sste amount of the solar irradiance at the STC (W /m?);
T, st  amount of the cell temperature at the STC (K),

Voe,ste  open-circuit voltage of the PV module at the STC
(V).
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Similar tothe wind branch,the average model ofthe
boost converter is replaced with the steady-state
equations for CCM

.f21 — va - (]- - Da)vdm (l[}ﬂ)
f22 :Ipvdc - (1 - Ds)fpv- (lﬂb)

CONTROLLER DESIGN:

Optimal Control Problems (OCPs)

OCPs, as (11), make explicit use of the system model,
given by (11b), in order to find an optimal control law
u*(.), which meets number of equality and inequality
constraints. The term optimal here is defined with
respect to a certain criterion that implies the control
objectives. This criterion is specified with a cost
functional J, consisting of the Lagrangian term lambda
and the terminal cost term M. While the Lagrangian
term indicates the cost function during the period of
time , the terminal cost penalizes final values.
Equations (11d) and (11e), respectively, formulate the
final and initial constraints which must be maintained
by the optimal solution. Moreover, (11g) represents
boxing constraints on the states and control variables:
u*(.) =arg minimize J(x(¢),z(t),u(t),T) :=

uf.}eRn
t+T

/;C(x('r),z(r),u('r))d'r + M(x(T),z(T)) (1la)
s.bo: F(x(t), x(7),2(r),u(r),v(r)) =0 (11b)

H(x(7),z(T),u(r)) <0 (11c)
R(x(T),z(T)) =0 (11d)
x(7) = xg,2(T) = 20 (1le)
V7 oe [t t+ T (119)
x(r) € X,z(r) € Z,u(r) e U. (11g)

Nonlinear Model Predictive Control (NMPC):

OCPs are open-loop strategies and are wrapped by a
feedback loop to construct NMPC strategies [30].
NMPC strategies, which are also called as the receding
horizon control, continuously solve an OCP over a
finite-horizon T using the measurements obtained at t
as the initial values. Then the first optimal value is
applied as the next control signal.
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Comparing with the conventional methods, NMPCs
are inherently nonlinear and multivariable strategies
that handle constraints and delays.

There are three different techniques to discretize and
solve OCPs:

1) Dynamic programming method based on the
Bellman's optimality principle.

2) Indirect method based on the Pontryagin minimum
principle.

3) Direct methods that convert OCPs into nonlinear
optimization problems (NLPs) which are then solved
by NLP solvers.

Control System:

Since it focuses on the charging mode of the battery
operation, The proposed EMS successively gets the
estimated system states, , as inputs and calculates the
optimal solution, , as outputs. The external state
estimator and the predictor of the non-manipulated
variables are out of the scope of this paper. step ahead
predictions of the solar irradiance, wind speeds, and
load demands are extracted either from a
meteorological center or an external predictor using
autoregressive-moving-average (ARMA) technique
[37]. The bus voltage level of the microgrid, , is set
externally and hence the developed controller can act
as the secondary and primary levels of the hierarchical
architecture [13].

The developed NMPC controller consists of three
entities:

1) The dynamic optimizer that successively solves
OCP at each sampling time h,

2) The mathematical model of the system to predict its
behavior

3) The cost function and constraints of the relevant
OCP.

The optimal pitch angle is applied as a set point to an
inner closed-loop controller. Moreover, the optimal
values of the switching duty cycles are applied to the
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pulse width modulators (PWMs) of the dc-dc
converters.

1) Control Objectives:

Three aforementioned control objectives, i.e., dc bus
voltage regulation, proportional power sharing, and
implementing the IU regime to charge batteries, are
formulated by two slack variables in (12) and (13) and
the cost function in (14)

foz = a1 — (Vae — Vae). (12)
3
fos — g — {Iwcdcvdc ( Us pase ) B
Pwt,nom maX(Uw? Ux,base)
Ipuchdc S:z base
: . (13
Py nom ma-x(S:c:Sm,base) } (13)
J(x(n), z(n), u(n), N) ==
n+N —
Ibs!ack k) ¥ VdL{L) Vd',c
1. )| + _
Z{ﬁl F(ORER 1| +m | )
Ibstack(N) ¥ VdL(N) — Vd‘:
i} —_— T, = = ,
{ ! IC( '\ba,tp ) 2+ﬁ2 Vdc 2}
(14a)
J(x(n),z(n),u(n), N) =
‘f Vbs!ack(*":) Npars V, yas ,3 ‘ Vdc(k)_vdc }
Nbatslfyaa ?dc 2
I/b:n‘.u.d\ N) Nbuts V_:;u:l ‘ VdL{NJ 7vdr.:
Ba|| ——— :
+{3 ‘ Nhatsvgaa 2+I 4 Vdc 2}

(14b)

2) Box Constraints:

Equation (15) adds the pitch angle control feature to
the developed EMS in order to limit the produced
aerodynamic power by the wind turbine:

0 <_: _TEwT S P'u.lt,nom- (15)

The other box constraints on the manipulated variables
and the system states are formulated as follows:

TABLE I: DESIGN PARAMETERS AND THE
COMPUTATIONAL TIME OF THE
DEVELOPED NMPC CONTROLLER
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Parameter Name

Parameter Value

Prediction horizon T (sec) 10
Sampling time h (sec) 5.0
No. of the discretization samples N 2
Vae(V) 48.0
Average Computational Time (sec) 2.066
Minimum Computational Time (sec) 0.628
Maximum Computational Time (sec) 3.565

TABLE 11:WIND TURBINE, PMSG, BATTERY
STACK, AND PV PARAMETERS IN THIS
STUDY

‘Wind turbine PMSG

2 pop
048 Vygas (V) 13.0 Pounom (KW) 2.001

EXPERIMENTAL RESULTS:

Simulation circuit design in Matlab:
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Fig shown: Output wave forms of the simulation
CONCLUSION AND FUTURE WORKS:

In this paper, we developed a novel optimal EMS that
manages the energy flows across a standalone green dc
microgrid, consisting of the wind, solar, and battery
branches. A coordinated and multivariable online
NMPC strategy has been developed to address, as the
optimal EMS, three main control objectives of
standalone dc microgrids. These objectives are the
voltage level regulation, proportional power sharing,
and battery management.
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In order to address these objectives, the developed
EMS simultaneously controls the pitch angle of the
wind turbine and the switching duty cycles of three dc-
dc converters. It has been shown that the developed
controller tracks the MPPs of the wind and solar
branches within the normal conditions and curtails
their generations during the underload conditions.
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