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ABSTRACT

The rising cost of fossil fuels, their high depleting rate and issues
regarding environmental pollution have brought the attention of the researchers
towards renewable energy technologies. Different renewable energy resources
like wind turbines, fuel cells and solar cells are connected to DC micro
grid through controllable power electronic converters. In presence of these
diverse generation units, robust controllers are required to ensure good
power quality and to regulate grid voltage. This paper presents a sliding
mode control based methodology to address the above mentioned challenges.
The proposed technique keeps the switching frequency constant so that
electromagnetic compatibility (EMC) issues can be solved with conventional
filter design. Parallel operation of converter in DC micro gird is considered.
Chattering reduction and power quality improvement by harmonic cancellation
is proposed. A scaled down hardware for unregulated 11.5 V to 17.5 V
input and 24V output is designed and tested. The experimental results
show good performance of the controller under different loads and uncertain
input voltage conditions. Moreover, the results show the robustness of the
closed loop system to sudden variations in load conditions. Furthermore, a
significant improvement in power quality is achieved by harmonic cancellation
of chattering in the output of the converters.

Key Words: Renewable Energy Resource, DC Micro Grids, Sliding Mode
Control, DC-DC Converters, Power Engineering and Energy.

I. Introduction

Micro grids are renowned for their advantages like
sustained energy generation and appropriate utilization
of distributed energy resources (DER). These DERs
like solar cells, wind turbines, bio-gas installations
and fuel cells are not located at a single sight and
are interconnected to micro grids via controllable
power electronic converters [1, 2]. These converters
are scalable and show good conversion efficiencies
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and add flexibility in the control process. Micro grid
can be operated in grid connected or islanded mode
[3, 4]. Numerous control strategies are implemented
and developed for integrating DERs with central grid
system. [5, 6, 7]

The major advantage of DC micro-grids over
conventional AC transmission system is the absence
of losses due to skin effect and reactive power
flow. Moreover, micro grids are reliable, economical,
efficient and easily manageable [8, 9, 10]. However, as
DERs are connected to the same micro grid, the power
converters responsible for power flow from these DERs
operate in parallel. This creates challenges like voltage
control of the grid, stability of parallel connected
converters and load sharing among DERs [11, 12, 13].

The voltage of the DC grid is conventionally
controlled by DC-DC converters [14, 15]. Buck
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converter has been proposed in [16] to control
DC voltage in micro grid. The output voltage of
buck converters is always lower than the input
voltage. However, for photo-voltaic (PV) cells based
applications where energy is harvested from solar
radiations, it is required to boost the input voltages
to draw maximum power from the PV cells [1].
Transformer based converter can efficiently provide
higher output to input voltage ratio. But requirements in
renewable energy applications like size, weight and cost
makes transformerless converters a more appropriate
choice. Because of the capability of boost converter
to supply output voltage more than the input voltage,
it is more feasible to be used in renewable energy
applications [17, 18, 19].

Basic structure for voltage regulation in DC micro
grid is shown in Fig. 1. Using a boost converter to
control the voltage of a micro grid is a challenging
problem because of its bilinear nature [20]. Bilinear
systems belong to the class of non-linear systems where
the non-linearity arises because of the product of control
input with the system states [21]. Moreover, the system
is non-minimum in phase and its linearized model has a
right handed zero. This causes the dynamics of inductor
current to become unstable if feedback design is based
on measuring only the output voltage [22, 23, 24].

The issue of non-minimum phase can be avoided
if the voltage regulation in boost converter is redefined
as a current regulation problem [20, 25]. However,
under uncertain load conditions a current regulator
cannot keep its output voltage constant [26]. This makes
the system extremely sensitive to load fluctuations.
Fortunately, the current dynamics of boost converter
are faster as compared to that of output voltage,
therefore the issue can be resolved using a dual loop
control structure. The inner current loop controls the
power electronic switch based upon the reference signal
provided by the outer voltage control loop [27].

Voltage regulation of DC bus bar is conventionally
achieved by using PI controllers. The controllers act
by increasing or decreasing the pulse width of the
switching signal of the power converter. PI controllers
are based on the average model of the converter which is
linearized at a specific operating point to get the transfer
function. Because of this constraint, their performance
is degraded under large disturbance and load changes
[28]. Moreover, under varying load conditions the PI
gains need rapid tuning. Auto tuning methods are
proposed in [29, 30] for PI, PD and PID controllers.
But the schemes are rather complex than conventional
PI controllers.

Researchers have proposed non-linear techniques
to get better results. In [31] researcher have proposed

fuzzy logic control. Feed forward control is presented
in [32, 33, 34], while H∞ control is proposed in
[35]. Even though the existing techniques have shown
better performance however, they are not completely
parameter invariant and more robust technique is
required to deal with time varying and unknown load
condition of micro grids.

Sliding mode controllers (SMC) are good choice to
achieve the objective, because they provide parametric
invariance and robustness [36, 37] against unknown
disturbances. Moreover, as the power electronic switch
in the converter operates in either on or off state.
This makes SMC a natural choice to control such
systems. Since SMC is a nonlinear control technique,
it eliminates the need to obtain a linearized model of
the power converter.

A major drawback in SM based controller is the
varying switching frequency of the power converter. SM
controllers do not provide a fixed switching frequency
which causes the power electronic switch, in the
converter, to operate under time varying frequency.
This degrades the power quality and makes it difficult
to suppress the electromagnetic emissions (EME)
resulting from high current switching [38]. These
emissions are filtered out by designing passive filters,
so that the emissions do no interfere with nearby
electronic components. The filter design depends
upon the switching frequency, while variations in it
makes the filter design non-trivial. Details of electro-
magnetic interference (EMI) and its importance in
power converters can be found in [39]. The researchers
have proposed variable hysteresis band modulation to
address the issue [40]. The hysteresis band of the
modulator is varied in such a way that the resulting
switching frequency remains fixed. This controller
design has relatively high implementation cost and is
not feasible for commercial applications.

Therefore, the researchers have proposed fixed
frequency SMC based on equivalent control signal
[41, 42, 43]. However, because of non-minimum phase
nature of boost converter, the controller designed to
directly control its output voltage is not guaranteed
to be stable [44]. A solution based on dual loop
control structure is proposed in [45] where authors
have shown that fixed frequency SMC achieves better
dynamic response in DC micro grids. However, the
double integral type sliding surface used by the authors
to achieve faster dynamic response results in a non-
symmetrical chattering signal that degrades the power
quality and makes it non-trivial to apply harmonic
cancellation techniques.

In the light of above discussion, it may be
concluded that sufficient work has been reported
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Fig. 1. Basic architecture of DC micro grid.

regarding voltage control in micro grids. However,
according to the knowledge of the authors’, discussion
and solution to the issues regarding power quality in
DC micro grids arising from the chattering problem
are rare in the research community. Hence, there is
a necessary need for addressing this issue along with
achieving a robust, fixed frequency and parameter
invariant solution.

In order to address the above mentioned chal-
lenges, this paper proposes a fixed frequency SMC
along with harmonic cancellation of the chattering
signal in a micro grid by utilizing an intuitive PI-type
sliding manifold. A dual loop control structure is used,
where the inner current loop is based on the proposed
SMC technique with fixed switching frequency. The
outer control loop is based upon a conventional PI
controller which provides reference signal to the inner
loop. The proposed methodology achieves a wide
range stable operation along with addressing the load
sharing problem of parallel connected converters in a
micro grid. The objective of the paper is not only to
achieve required robustness and harmonic cancellation
of chattering but also to outline the hardware design
approach in accordance with mathematical calculations,
while ensuring the stability of the system. Hardware
design based on low cost commercially available IC’s
is presented in order to avoid use of discrete time signal
processors which are more sensitive to electromagnetic
interference.

The rest of the article follows as: Mathematical
model is presented in Section 2. Controller design is
discussed in Section 3. Hardware setup is presented
in Section 4, while experimental setup and results are
presented in Section 5 and the article is concluded in
Section 6.

II. Mathematical Model

The renewable energy resources and DERs supply
power to the DC micro grid via controllable DC-DC
converters as shown in Fig. 2. Their connection to the
grid results in parallel operation of these converters as
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Fig. 2. Structure of control loops in DC micro grid using boost
converter.

shown in Fig. 3. The input voltage from DER is denoted
by Vin, whereas the output of the boost converter is
Vout. The inductor current at any time is represented
by IL while C, L and RL are the filter capacitance,
inductance of coil and load resistance respectively. By
the application of fundamental laws of circuit analysis,
following mathematical model is obtained:

d

dt
IL =

1

L
Vout(u− 1) +

Vin
L

(1)

d

dt
Vout =

1

C
IL(1− u)− Vout

RLC
(2)

For the sake of simplicity of mathematical analysis,
we substitute ũ = (1− u). Since the power electronic
converters are designed to operate only in ON and OFF
states, thus the control signal can only take value from
a discrete set of {1,0}. The value of the switch with
respect to its conduction state is defined as:

f(x) =

{
1, Switch is conducting
0, Switch is open circuited

(3)

The equilibrium points of the converter are found
by setting all the time derivatives equal to zero in (2),
and we get:
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Fig. 3. Block diagram showing parallel operation of power converter in
a DC micro grid.

Vout = Vd (4)

ILeq =
V 2
d

RLVin
(5)

where Vd is the desired output voltage and ILeq
is the

inductor current at equilibrium point.

III. Controller Design

SMC is a non-linear control technique where the
control signal is switched between two values to enforce
the state trajectories to slide along a plane (sliding
surface) in the state space. This control mechanism
can be divided into two phases. In the first phase,
also known as the reaching phase, the control law
enforces the trajectories to reach the sliding surface σ
irrespective of their initial values. Satisfying the hitting
condition [46] is sufficient to ensure that the states will
reach the sliding surface from irrespective of their initial
values, hence we use the control law as [20]:

u =
1

2
(1 + sign(σ)) (6)

When the state trajectories have reached the sliding
surface, the second phase of SM control starts. In
this phase the control law forces the trajectories to
slide along the sliding surface towards the origin. The
sliding surface is designed in such a way that when
the trajectories reach the origin, the output voltage of

converter equals the desired grid voltage. To achieve the
objective a PI-type sliding surface is designed as:

σ = k1

∫
ei(t)dt+ k2ei(t) (7)

where k1, k2 are positive design constants and ei(t) is
the current error defined as:

ei(t) = Iref − IL (8)

where Iref is the reference inductor current provided
by the outer PI voltage control loop. The derivation
of constant frequency SMC is based on equivalent
control [46] method. The equivalent control signal ueq
is a theoretical continuous time signal that replaces
the discontinuous control signal for the sake of
mathematical analysis. The expression of ueq for this
system under sliding mode is computed by equating the
time derivative of the sliding surface to zero. Thus we
get:

σ̇ = k1ei(t) + k2ėi(t) = 0 (9)

By using (2) and (9) we get:

ũeq =
Vin
Vout

− k1
k2

L

Vout
ei(t) (10)

We derive the equivalent control for the system by
substituting ũeq = (1− ũeq) and using (8) we get:

ueq = (1− Vin
Vout

) +
k1
k2

L

Vout
(Iref − IL) (11)

After the establishment of SM control when σ = 0
is achieved, the equivalent control of the system equals
the duty ration d in PWM converters [47].

ueq = d =
Vc
VPr

(12)

Vc = ueq × VPr (13)

where VPr is the peak amplitude of ramp signal and Vc
is the SM control based control signal which is PWM
modulated to get a discontinuous control for the power
electronic switch having a fixed switching frequency
[47]. By using (11) and (13) and selecting (VPr = Vout)
we get the control equation as:

Vc = (Vout − Vin) + L
k1
k2

(Iref − IL) (14)

and the peak of ramp signal VPr as:

VPr = Vout (15)
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The equivalent control is a theoretical signal that
completely describes the sliding motion when σ̇ = σ =
0 has been established [46]. Taking Laplace transform
of σ̇ = 0 in (9) we get:

Sk2Ei(S) + k1Ei(S) = 0 (16)

The time domain solution of (16) ensures that ei(t)→ 0
and Vout → Vd. Substituting these values in (14) and
(15) we get:

Vc = (Vd − Vin) + L
k1
k2

(Iref − IL) (17)

and the peak of ramp signal VPr as:

VPr = Vd (18)

It shall be noticed that the proposed control
structure in (17) does not have any adaptive tuning of
VPr, as in previously proposed work in fixed frequency
SMC. This simplifies the hardware implementation and
solves the problem of modulation non-linearities which
arise due to changing amplitude of modulating ramp
signal. The structure of (17) contains the term (Vd −
Vin) which acts as feed forward gain and helps achieve
smaller settling time as compared to conventional PID
controllers.

3.1. Stability of the Controller

Sliding mode can exist on the manifold σ = 0 if
the following condition is satisfied [20].

lim
σ→0

σσ̇ < 0 (19)

By using (2) and (7) we derive the expression for
σ̇ as:

σ̇ = k1ei(t) + ũ
k2
L
Vout −

k2
L
Vin (20)

when σ → 0+ then according to (19), σ̇ < 0 thus
(20) is written as:

k1ei(t) + ũ
k2
L
Vout −

k2
L
Vin < 0 (21)

As σ → 0+, the control law (6) turns u = 1 (ũ = 0) and
thus (21) is written as:

k1ei(t)−
k2
L
Vin < 0 (22)

Since Vin is always positive, thus (22) is ensured
to hold true if the following condition is fulfilled.

k2
L
Vin > k1‖ei(t)‖ (23)

When σ → 0− then according to (19), σ > 0 and
we write (20) as:

k1ei(t) + ũ
k2
L
Vout −

k2
L
Vin > 0 (24)

As σ → 0− the control law (6) turns u = 0 (ũ = 1) and
(24) is written as:

k1ei(t) +
k2
L
Vout −

k2
L
Vin > 0 (25)

The following conditions shall be satisfied to
ensure that (25) remains true.

k2
L
‖(Vout − Vin)‖ > k1‖ei(t)‖ (26)

For boost converter Vout > Vin and hence (23) and
(26) are easily satisfied by appropriate selection of k1
and k2.

3.2. Parameterization of Controller

In this subsection calculations for the specific case
are presented while design procedure for general case
is given in the Appendix A. Both Vin and Vout exceed
the maximum allowable limits of op-amps and are fed
through a resistor network with attenuation constant
β. By selecting reference voltage Vref of 2.5 V we
calculate β as:

β =
Vref
Vd

=
2.5

24
= 0.104 (27)

Selecting R1 = 6.8 kΩ, R2 is computed as:

R2 =
β

1− β
R1 = 789 Ω (28)

The constant β is multiplied and divided in the control
law as:

ueq =
βVc
βVPr

=
V ∗c
V ∗Pr

(29)

where

V ∗c = βVd − βVin − βL
k1
k2

(Iref − IL) (30)

and peak of ramp signal becomes:

V ∗Pr = βVd (31)
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Fig. 4. Schematic of the proposed technique for voltage regulation in a single renewable energy resource.
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To use TL431 and limit the maximum duty cycle,
gain of two is applied to both VPr and V ∗c . This gain has
no effect on control law as same constant is multiplied
in numerator and denominator of equation (12). The
constraints for the stability in (23) and (26) becomes:

β
k2
L
Vin > k1‖ei(t)‖ (32)

β
k2
L
‖(Vout − Vin)‖ > k1‖ei(t)‖ (33)

It is important to mention that the output of the
operational amplifiers computing k1ei(t) is limited to
±5 V, thus mathematically k1‖ei(t)‖≤ 5. By proper
selection of k2 the constraints (32) and (33) are easily
satasified.

3.3. Selection of Sliding Constants

When the system has entered the sliding phase then
the dynamics of the system are completely described by
manifold σ = 0, thus by using (7) we get:

k1

∫
ei(t)dt+ k2ei(t) = 0 (34)

Taking time derivative of (34) we get:

k1ei(t) + k2ėi(t) = 0 (35)

ėi(t) = −k1
k2
ei(t) (36)

Since k1 and k2 are positive design constants, hence
as t→∞, ei(t)→ 0. The rate of decay of ei(t) is
controlled by the ration of k1 to k2. The time domain
solution of (36) is:

ei(t) = eioe
−( k1

k2
)t (37)

where eio is the initial value of error. It is important to
note that the decay rate of the error signal is controlled
by the ratio of k1 to k2. Large values of k1/k2 leads
to faster decay of the error but at the cost of increased
control effort (large duty ratio). This causes high in-
rush current at the start up of the converter which may
trigger the over circuit protection circuits in the source
supply (renewable energy resource). Hence there is a
compromise in selection of the ratio. Primarily, the
constants k1 and k2 are selected such that constraint for
stability in (32) is satisfied. We select (βk2Vin/L) to be
12 times greater than k1ei(t), hence the inequality (32)
is transformed into equation as:

β
k2
L
Vin = 12k1‖ei(t)‖ (38)

Table 1. Voltage regulation at different input source voltages.

Reading No. Input source voltage Output Voltage

1 11.5 24.0
2 13.0 24.0
3 14.5 24.0
4 16.0 24.0
5 17.5 24.0

For Vin = 12 V, L = 100× 10−6 H, we select k1/k2 =
80× 104. A discussed in Section 3.2 the maximum
value of ‖k1ei(t)‖ is 5, hence using equation (38) we
get k2 = 4.8× 10−3 and k1 = 3.84× 103. The values
satisfy both the constraints in (32) and (33).

IV. Hardware Description

The boost converter used in the experiments
has filter capacitance, C = 2000 µF , and inductor
coil having L = 100 µH . A metal oxide field effect
transistor (MOSFET), IRF540 is used as power
electronic switch. It’s on resistance is 0.06 Ω and
can sustain a continuous drain current of 20 A. The
selected switching frequency for fixed frequency SMC
is 32 kHz. The selection of switching frequency
is a compromise between switching looses and
maximum allowable amplitude of chattering (ripples
in the output). The efficiency of the converter also
decreases with increasing switching frequency because
of increase in switching losses. The designed converter
has an efficiency of 92%. Experiments reveal that for
proper switching of the MOSFET, the resistance seen
at the drain of the device shall be less than 47 Ω, so
that the body diode capacitance of the device can be
easily discharged. If this issue is not taken care off, then
it may take significantly high time for the MOSFET
to turn off. To ensure discharge of gate capacitance a
resistor of 47 kΩ is placed between gate and source
of the device. Adjustable shunt type voltage regulator
TL431 is used to generate reference signal of 2.5 V.
The inductor current is measured by placing a resistor
RMe = 0.47 Ω, in the return path of IL. By Ohm’s
law IL = VMe/RMe = 2.1VMe. Thus the voltage VMe

is amplified by a gain of 2.1, before being fed to the
controller circuitry.

V. Experimental Setup and Results

The experiments are performed using Rigol oscil-
loscope having two channels of 70 MHz bandwidth.
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Fig. 5. The CH. 1 shows chattering along with low frequency
oscillations for Rx = 10 kΩ while CH. 2 shows the generated
gating sequence as a consequence of improper selection of Rx.

The maximum sampling rate is 1G samples/sec. To
record the controller behavior under varying input
voltages, Matrix precision supplies accurate to 0.1
decimal place are used. The op-amps are powered with
±15 V using same power supplies. The steady state
behavior is measured with oscilloscope settings of 10
V/div. It is worth mentioning that at 5 V/div and 10
V/div settings, the oscilloscope has an accuracy to one
decimal place. Thus any voltage above 23.95 V will be
rounded off to 24.0 V.

5.1. Pulse Width Modulation Circuit

PWM signal is generated using IC (LM311) that
compares Vc with a ramp signal having peak amplitude
of VPr. This comparator IC (LM311) has an advantage
of isolated common mode input. The design engineer
has a liberty to refer the output of the comparator to

ground or Vcc. Referring the output of the IC to ground
inverts the output signal with respect to input signal.
However, it is important to mention that the rise time
of the output pulse depends upon the resistor Rx in
Fig. 4. For large values of Rx, the rise time of the
output pulse is significantly high and it takes large
time to reach 1.75 V which is logic 1 for MOSFET
gate driver MC34152. This causes a significant delay
in the switching command to MOSFET. For example
with Rx = 10 kΩ and frequency of ramp signal fs =
150 kHz, the duty ratio can not exceed 42% even
when Vout = 0 (feedback signal disconnected). This
is a non-linear behavior which is introduced because
of high rise time of the comparator when Rx is not
properly selected. In this case the comparator IC fails
to generate a duty ration equal to (Vc/VPr). As a result
a false duty cycle is generated that increases IL in each
switching cycle, causing Vout to increase. The controller
generates lower Vc to control the output voltage drift
but because of above mentioned non-linearity, the duty
cycle does not change accordingly. Finally the output
increases to a level where the controller makes the
duty ratio significantly small resulting in decreasing the
inductor current in successive cycles. This results in
low frequency oscillations in the output voltage other
than chattering (ripples in power electronic literature).
These low frequency oscillations along with the gating
signal are shown in Fig. 5. It shall be noticed that
this non-linearity is a type of actuator saturation and
belongs to a class of unmatched disturbances and can
not be canceled by SMC. Thus it is important to
eliminate them in proper hardware design. For mid
range values of Rx the output of comparator may
oscillate at crossing points as shown in Fig. 6(a). This
may occur when one of the inputs is a ramp signal or the
source resistance generating input signal is high. The
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Fig. 7. Steady state response of the closed loop system.

problem is solved by adding a small hysteresis band
using positive feedback or by lowering both Rx and the
supply voltage of LM311. Lowering RX and the supply
voltage of LM311 also lowers the peak of oscillations
at crossover to be less than 1.75 V and hence MC34152
will not get false trigger as shown in Fig. 6(b).

5.2. Step Response of the Closed Loop System

The performance of the controller is tested at
different load conditions. The input voltage of the
converter is switched at 400 mHz to obtain step
response of the system. The switching action is
accomplished by TIP147, a PNP power transistor, that
connects and disconnects Vin according to a 400 mHz
square wave. The complete response of the closed loop
system is shown in Fig. 8. The controller maintains 24 V
for different load condition (18 Ω ≤ RL ≤ 100 Ω) and
the output is shown in Fig. 7. The steady state error
of the controller is zero because of the presence of an
integrator in the outer voltage control loop. The output
ripple during steady state operation is shown in Fig. 9.
The inductor current at steady state is shown in Fig. 10.
It is obtained by blocking the DC contents of the signal
and using ‘AC coupling’ option of the oscilloscope. Fig.
9 and Fig. 10 shows the gating signal at the output of
comparator IC LM311 and MOSFET driver MC34152
respectively. The major advantage of MC34152 is its
high slew rate that reduces switching losses.

5.3. Robustness to Load and Line Variations

To verify the robustness of the controller and
note its behavior under changing load conditions, a
setup is designed to switch load resistance from 82 Ω
to 29.87 Ω. This is accomplished by switching a
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Fig. 8. Complete response of the system with step change in input
voltage from 0 V to Vin.
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Fig. 9. The CH. 1 shows the ripple/chattering in the output voltage at
82 Ω load resistor while CH. 2 shows the gating signal at the
output of MC34152.
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Fig. 10. The CH. 1 shows the inductor current at steady state when
operating at 82 Ω load resistor while CH. 2 shows the gating
signal observed at the output of LM311.
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82 Ω resistor in parallel to the existing 47 Ω load.
A power transistor TIP147 driven by C1383 is used
to switch this additional load at a frequency of 10
kHz. Fig. 11 shows the output of the converter when
the load is changed form 82 Ω to 29.87 Ω. The
system recovers form the step load change in less
than 250 ηs. This demonstrates excellent disturbance
rejection performance of the controller which is the
key feature of SMC. Moreover, the performance of the
controller under variable input voltages is also tested
and the observations are presented in Table 1.

5.4. Grid Operation

The ability of the technique to control a DC micro
grid is evaluated on a scaled down micro grid having
two sources and a single load as shown in Fig. 3. An
outer control loop provides reference current signal for
both the sources operated by the proposed controller.
Fig. 12 shows the currents of each source while feeding
a load of 56 Ω. The current delivered by Source 1 is
208 mA, while Source 2 contributes current of 210
mA. The proposed technique maintains the desired grid
voltage with load sharing error of less than 1%. Fig.
13 shows the complete hardware setup for the closed
loop system. Due to the fixed switching frequency
of the proposed technique, harmonic cancellation of
chattering is possible. Chattering is reduced in the
proposed technique by adjusting the phase of two
switching sequences such that the harmonics present
in chattering signal of Source 1 are canceled by the
harmonic contents in chattering signal of Source 2.
Fig. 14(a) shows the chattering due to single source
having peak-peak amplitude of 180 mV with RMS
value of 59.3 mV. A significant reduction in chattering
is observed when the phase of the switching sequence
of Source 2 is adjusted to cancel the harmonic contents
of chattering due to Source 1. Fig 14(b) shows that the
RMS value of chattering falls to 16 mV only, while it’s
peak-peak amplitude is reduced to only 56 mV.

VI. Conclusion

In this research the voltage control of DC bus
bar in micro grids under uncertain load conditions
is addressed. The experimental results show that the
proposed technique is robust against input voltage
variations and load changes, while maintaining fixed
switching frequency. The paper discusses the circuit
design and component selection in detail. The results
show the good performance of the closed loop system
based on renewable energy resources. Furthermore, the
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Fig. 11. Response of the system to step change in load from 82 Ω to
29.83 Ω
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Fig. 12. Current sharing of the two sources using proposed controller.

Fig. 13. Hardware setup for the closed loop system.

technique is demonstrated on a scaled down micro gird
with two sources. Improvement of power quality by
harmonic cancellation of chattering is demonstrated in
the hardware.

In modern renewable energy systems, the eco-
nomics related to the produced energy is of great
importance. Therefore, the future work it is intended
to evaluate the proposed technique on the basis of fuel
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Fig. 14. Harmonic cancellation of chattering in the output (a) Chattering due to single source. (b) Chattering in the output when the harmonics in
chattering signal of Source 2 cancels the harmonics from Source 1.

economy and efficiency of the closed loop system.

Appendix

A. Design Procedure of the Proposed Technique
for General Case

Step 1: Choose an appropriate reference voltage Vref
and calculate attenuation constant β according
to the desired output voltage Vd using following
equation:

β =
Vref
Vd

Step 2: Select a standard value resistor for R2 and
calculate R1 as:

R1 =
(1− β)

β
R2

Step 3: Choose the ratio k1/k2 according to the following
equation:

β
k2
L
Vin = 12k1‖ei(t)‖

Step 4: Check that the values of k1 and k2 calculated in
Step 3 satisfy the following two constraints:

β
k2
L
Vin > k1‖ei(t)‖

β
k2
L
‖(Vout − Vin)‖ > k1‖ei(t)‖

Step 5: Compute the equation of Vc∗ as:

V ∗c = βVd − βVin − βL
k1
k2

(Iref − IL)

Step 6: Set the peak amplitude of the ramp signal V ∗Pr as:

V ∗Pr = βVd
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