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Abstract—The power produced by renewable sources such
as photovoltaic systems and wind energy conversion systems is
highly intermittent due to continuously changing irradiance
and wind velocity. When the distributed generation systems
employing photovoltaic (PV) array and wind energy conversion
system (WECS) operate in grid-tied mode, the power
fluctuations affect the power quality of the grid. In a hybrid
AC-DC microgrid (HMG), the dynamics of DC and AC
subgrids influence each other. This paper proposes a
supercapacitor based novel power smoothing methodology for
the HMG with PV array, WECS, fuel cell (FC) and electrolyzer
(EL) based hydrogen storage system considering the power
fluctuations in both subgrids. The power smoothing technique
on the DC subgrid aims to facilitate instantaneous power
balance. The Kalman filter (KF) based velocity smoothing
(KFV) approach is developed for the WECS. The KFV
technique is compared with the power smoothing techniques
presented in the literature. The KFV method is found to be
effective in computing the smooth power reference for the
supercapacitor system. By incorporating the proposed power
smoothing technique in the HMG, the stress on the interlinking
converter (ILC) and utility grid are minimized and the power
quality is enhanced.
Index Terms—Kalman filters, microgrids, power smoothing,
renewable energy sources, supercapacitors.

I. INTRODUCTION
The concept of microgrids employing non-conventional
energy sources has drawn the attention of researchers
recently. Sunlight and wind are freely available in nature
and are harmless to the environment. The microgrid (MG)
operates in grid-integrated mode and stand-alone mode. The
HMG configuration is reliable compared to AC MGs and
DC MGs. A HMG comprises both AC and DC subgrids [1,
2]. Power management within the subgrids, coordination
among the subgrids and power quality issues are the
challenges in a grid-tied HMG [3].
The permanent magnet synchronous generator (PMSG)
based WECS is efficient due to the absence of gearbox [4].
An irradiance averaging technique for power smoothing of a
PV system with BES is proposed in [5]. However, power
smoothing is not clearly evaluated in the paper. The
experimental investigation of the SC-based smoothing

controller for the renewable energy-based DGs integrated
with the low voltage grid is proposed in [6]. By monitoring
the state of charge (SOC) of SC, appropriate smooth
reference is provided for the SC system and the sliding
mode controller is incorporated.
In [7], the power smoothing is investigated for a PV-BES
hybrid system with different methods and SOC regulation is
also accomplished. Various control approaches for power
smoothing of WECS are reviewed in [8]. Energy storage
based smoothing is expensive but efficient. A power
smoothing controller for a WECS is developed with the
combination of MPPT control and frequency deviation
control loops. The gain of the supplementary control loop is
adjusted for better smoothing performance [9]. This control
scheme doesn’t employ a storage system.
A novel power smoothing controller is proposed in [10]
for a PV-WECS hybrid system using the battery. Efficient
smoothing and SOC regulation of battery are achieved. An
adaptive low pass filter (LPF) based power smoothing
technique designed with a lithium-ion capacitor for PMSG
based WECS in [11]. The comparative study of LPF and
moving average methods using superconducting magnetic
energy storage is presented in [12]. The LPF is proved to be
effective. In [13], the authors proposed the power smoothing
of WECS by wavelet transform. The authors inferred that
wavelet transform based smoothing is efficient compared to
the smoothing achieved with inertial filter.
The SC bank is incorporated for smoothing the output of
the PV-WECS hybrid system. The fluctuating output of the
PV array and WECS is processed by a rate limiter and then
the average is computed to obtain smooth power reference
in [14]. LPF is employed to achieve power smoothing in a
PV system operating with the weak grid in [15]. The results
presented show a reduction in total harmonic distortion
(THD).
The analysis of WECS with SC during faults is described
in [16]. During normal operation, the SC bank helps to
mitigate the fluctuations in the power output of WECS.
During the faults, SC absorbs power and helps to ride
through the fault. The KF based weighted average approach
is described in [17-18]. Various techniques for power
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smoothing of the PV system and WECS are reviewed in
[19]. KF based weighted average approach is proved to be
effective.
The research papers addressing power smoothing
techniques in the literature have not considered the MGs
with DC and AC subgrids. The effect of intermittent power
generation from renewable sources on the operation of
individual subgrids in HMG architecture is not addressed.
In this work, the PV system is the principal source in the
DC subgrid and FC is the auxiliary source. The WECS is the
only renewable source in the AC subgrid. Hence, the
requirements for developing the power smoothing control
schemes on two subgrids are different.
Therefore, this paper proposes the Kalman filter based
control method for power smoothing of the WECS. For the
DC subgrid, a simple power smoothing technique is
developed so as to facilitate instantaneous power
management by the SC as the FC and EL systems are
controlled to achieve power balance. The research
contributions of this article are as follows.

KF based novel power smoothing technique is
proposed for the WECS.

The impact of intermittent power production from the
PV system and WECS on individual subgrids in a
HMG is analyzed and an appropriate power smoothing
method is investigated to mitigate power fluctuations.
This paper is organized as follows. In section II, the

Figure 1. Schematic illustration of the HMG
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configuration of the HMG is presented. In section III,
different control schemes are described. The simulation
results are analyzed in section IV. Conclusions are presented
in section V.
II. CONFIGURATION OF HMG
The schematic illustration of the HMG is presented in
Fig. 1. The main energy source on the DC subgrid is a PV
array capable of producing 21 kW at standard conditions
operating in MPPT mode. A 20 kW PMSG based WECS
[14] is coupled to the AC bus, which is integrated with the
utility grid. FC system of capacity 10 kW is chosen as the
backup source in DC subgrid. EL system of rating 10 kW is
used for energy storage. PV array is modelled based on the
model described in [20]. Models of the FC stack and
electrolyzer system are realized as described in [21-22]. The
WECS consists of a rectifier and a boost converter. The
output of the boost converter is inverted and delivered to the
AC bus. AC bus is integrated with the grid through a 100
kVA transformer (415V/3.3kV). AC and DC subgrids are
coupled by a bidirectional ILC and a filter [23]. The SC
banks on both subgrids (SC1 and SC2) contain a series
combination of 50 modules of rating 58 F and 16 V. The SC
banks are controlled by bidirectional DC-DC converters.
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III. CONTROL SCHEMES
A. Control Schemes for the Power Balance of DC Subgrid
The control schemes of FC and EL systems realized for
the power management in the DC bus are illustrated in Fig.
2. In the control strategy of the FC system, the difference
between the DC load current (IDC LOAD) and the current
sensed at the output terminals of the PV system’s converter
(IPV) is the reference signal. The current sensed from the
output of the converter of the FC system (IFC) is the
feedback.
The difference between the power output of the PV array
(PPV) and DC load demand (PDC LOAD) is the reference signal
for the controller of the EL. The control strategies of both
FC and EL systems employ the PI regulator. The FC system
delivers power when the load demand on the DC bus goes
beyond the output of the PV array. Surplus power generated
is absorbed by the EL system (PEL). Based on the current
through the EL, hydrogen is produced, which is stored in a
storage tank.
IDC LOAD

PPV

+

+

-

-

IPV

IFC

+

+

-

PDC LOAD

-

PI

PWM

To boost converter
of FC system

PI

PWM

To buck converter
of EL system

PEL

Figure 2. Control schemes of FC and EL systems

B. The Control Scheme of ILC
The DC subgrid is integrated with the AC subgrid through
an ILC. The PQ control scheme [14] maintains the DC bus
voltage (Vdc) at the desired value (800 V) and enables a
proper exchange of power amongst the subgrids. The PQ
controller of the ILC is shown in Fig. 3. The inverter of
WECS is also regulated by a similar PQ control scheme.

Vdc
Vdc (ref)

Outer id(ref)
regulator
(PI)
Inner
regulator
(PI)

iq(ref)

iabc

dq to
abc

When the reference frame and grid voltage are
synchronized, P and Q can be expressed as per equations (4)
and (5) respectively.

3
P  (id vd )
2

(4)

3
(i q v d )
(5)
2
where, id and iq are the currents corresponding to the d and q
axis. The outer loop of the control scheme maintains the DC
bus voltage and the inner current control loop regulates id
and iq. The iq (ref) is made zero to ensure the operation at
UPF. The phase-locked loop is used to measure the phase
angle of grid voltage to synchronize ILC with the grid.
The voltage balance across the filter [24] is given by
equation (6):
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where, Lf and Rf represent the total inductance and resistance
of filter, respectively and ω is the angular frequency.
C. Power Smoothing in the DC Subgrid
The power smoothing controller on the DC subgrid is
designed to provide or absorb power during sudden power
variations in the DC bus. This control technique is depicted
in Fig. 4. By incorporating the smoothing controller on the
DC bus, power stress on the ILC can be minimized. When
the power balance is disturbed by fluctuating load or
generation, the controller decides the power to be absorbed
or supplied by the SC1. A selection switch is introduced as
depicted in Fig. 4 so as to transfer the excess power to the
utility grid through the ILC whenever the surplus power
produced in the PV system exceeds 10 kW. Without the
selection switch, power would be absorbed by the SC bank.
PDC LOAD
(PPV - PDC LOAD) < 10 kW
+
0

-

PPV + PFC - PEL

Selection
switch

PWM

to ILC



i ,i
abc to d q
dq

+

PI

-

PWM


PLL

VSC1

Vabc

ISC1

Figure 3. The PQ control scheme of ILC

+

The power in a three-phase network is given by equation
(1):
P(t )  va ia  vb ib  vc ic
(1)
Active and reactive power (P and Q) are computed based
on d and q axis voltages vd and vq using the equations (2)
and (3) respectively:
3
(2)
P  id v d  iq v q
2
3
(3)
Q  id v q  iq v d
2









ISC1

Vdc
SC1

VSC1

Figure 4. The control scheme for power smoothing in DC bus
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D. Proposed Power Smoothing Method for the WECS
The power output of WECS is highly fluctuating due to
continuously changing wind velocity. Since the WECS is
coupled to the AC bus, it affects the operation of the DC
subgrid and utility grid. If PW is the actual power of WECS,
Psmooth is the smooth power reference and VSC2 is the voltage
of SC2, then the current reference to the SC bank is
computed by equation (7):
P
 PW
(7)
I SC 2 ( ref )  smooth
V SC 2
A PI regulator is used to compute the duty ratio to the
BDC based on the current output required from the SC
system. The smoothing control technique developed for the
WECS is depicted in Fig. 5.

PWM

PI

ISC2

VSC2

Pw

-



-

+

+

Psmooth

Power
computation

+

vsmooth
KF

v n un

The correction equations [25-26] of the KF can be
expressed by equations (15), (16) and (17):

K n  Pn H T ( HPn H T  Rk ) 1
xˆ n  xˆ n  K n ( z n  Hxˆ n )

Pn  ( I 

12
this method, Qk = 10

SC2

Figure 5. The control scheme for power smoothing of WECS by KFV
approach

The KFV smoothing technique is developed to compute
smooth power reference for power smoothing of the WECS.
In the proposed approach, the intermittent wind velocity
signal is processed by the KF to compute the smooth power
reference. The KF is mainly used to estimate the state of the
system when it contains random noises. This approach is
inspired by the application of KF described in [25]. If x
represents the state, z represents the output, w and m
represent noises, the system equations are given by
equations (8) and (9):
x n 1  Ax n  Bu n  wn
(8)
z n  Hx n  mn
(9)
In this method, the wind velocity (vn) and rate of change
of vn (an) are chosen as the state variables as represented in
equation (10):
v 
(10)
xn   n 
a n 

If the rate of change of an is the input un to the system and
T is the time for which the values are computed (2 µs), then
the matrices are given by equation (11) and (12):
1 T 
0
x n1  
(11)
 x n  T u n
0
1


 

zn  1 0xn
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0  and

10 12 

Rk =103.

IV. RESULTS AND DISCUSSION
The practical data of irradiance and wind velocity for 10
minutes presented in [14] is chosen for analysis. The
simulation is performed in MATLAB/Simulink software by
scaling down the time to 6 s. The irradiation and wind
velocity are illustrated in Fig. 6 and Fig. 7, respectively.

(12)

(14)

(17)

The proposed KFV approach is compared with the ratelimiter-mean (RL-mean) method, LPF method and Kalman
filter based weighted average (KFWA) method.
In the RL-mean approach, the fluctuating power output of
WECS is passed through the rate limiter and then the
average is computed using the ‘mean’ block of Simulink
library [14].
In the LPF based method, smooth power is computed
using a low pass filter [12]. The time period corresponding
to LPF is chosen as 0.6 s.
In the KF based weighted average approach, the
fluctuating output of WECS is used to compute maximum
and minimum power for a certain time interval based on
which, the weighted average is computed. The KF uses
weighted average to calculate the desired power for
smoothing [17-18].

The prediction equations of the KF can be expressed by
equations (13) and (14):
(13)
xˆ n  Axˆ n 1  Bu n 1
Pn  APn 1 AT  Qk

(16)

where, Pn and Pn are the priori and posterior estimate error
covariance, respectively. Kn is the Kalman gain; Rk and Qk
are measurement noise covariance and process noise
covariance, respectively.
Based on the smoothened velocity (vsmooth), the smooth
power reference for the WECS (Psmooth) is computed based
on equation (18):
1
3
(18)
Psmooth  Av smooth
C p
2
where,  is the density of air (1.225 kg/m3), A is the swept
area of the rotor blades, Cp is the coefficient of performance
and  represents the average efficiency of generator and
power conversion system (0.85). The maximum value of CP
is 0.47 [14]. The values of Rk and Qk are carefully selected
to ensure smooth power output without resulting in a larger
difference between the smooth power and actual power. In
 0

-

K n H ) Pn

(15)

Figure 6. Irradiance
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The SPVR for different methods is presented in Fig. 11. The
maximum and minimum SPVR for each method are
presented in Table I. The smaller value of SPVR implies
better power smoothing.
SPVR 

P max  P min
P rated

(19)

Figure 7. Wind velocity

A. Analysis of the HMG without Smoothing Controllers
The power balancing of the DC subgrid is achieved by EL
and FC systems. Instantaneous power balancing on the DC
subgrid is achieved by delivering or absorbing power
through ILC (PEX). FC system provides the power (PFC)
whenever there is a deficit in generation from PV array
(PPV). EL system absorbs power (PEL) when the PV array
produces excess power. When the power mismatch
surpasses the capacity of FC or electrolyzer, the power
balance is achieved with the help of AC subgrid. When the
smoothing controller is not included in the system, PEX is
characterized by fluctuations that affect the power balance
in the DC subgrid, as evident from Fig. 8.

Figure 10. Fluctuating wind power and smooth powers

Figure 11. SPVR of fluctuating power and smooth power
TABLE I. SPVR FOR DIFFERENT METHODS
Method
SPVR (max)
SPVR (min)
LPF
0.080
0.009
RL-mean
0.021
0.001
KFWA
0.032
0.001
KFV
0.021
0.001
Figure 8. Power management of DC subgrid without smoothing controllers

The power management in the AC subgrid is depicted in
Fig. 9. It can be observed that grid power is highly
intermittent in the absence of smoothing controllers.

The moving average of the error between smooth power
and fluctuating (actual) wind power is observed for each
method as depicted in Fig. 12. It can be seen that the KF
based methods provide a better estimate of smooth power as
the moving average is close to zero. KFV approach is
superior to other approaches.

Figure 9. Power management of AC subgrid without smoothing controllers

B. Comparison of Smoothing Techniques for the WECS
The smooth power obtained by RL-mean, LPF, KFWA
and proposed KFV technique are illustrated in Fig. 10. The
maximum and minimum values of the power (Pmax and Pmin)
are computed for certain duration and the smooth power
variation rate (SPVR) [19] is computed as per equation (19).

Figure 12. Moving average of the error

The SOC of SC2 with different smoothing techniques is
illustrated in Fig. 13. It can be observed that when the LPF
and RL-mean approaches are incorporated, SC bank
operates more in the charging mode. However, when the KF
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based approaches are incorporated, SC bank operates in both
charge and discharge modes more evenly. This implies that
the SC bank uniformly absorbs and delivers power to
smoothen the power in KF based methods compared to other
techniques. The proposed KFV method is found to be
superior with respect to SOC.

Figure 13. SOC of SC2 with different methods

The THD of the grid current obtained with different
smoothing techniques is presented in Table II. THD is
computed for ten cycles for the same interval of time for
different cases. The THD is found to be low when the KFV
method is incorporated for the SC bank in the WECS.
TABLE II. THD OBTAINED WITH DIFFERENT METHODS
Method
THD
LPF
4.1%
RL-mean
4.62%
KFWA
3.84%
KFV
3.68%

Figure 15. Active power exchanged with the grid

The reactive power exchanged with the grid is maintained
zero as depicted in Fig. 16.

When various parameters such as SPVR, moving average
of the error, SOC and THD are analyzed, the proposed KFV
method is found to be superior. Hence it is chosen for
smoothing the output of WECS.
C. Analysis of the Impact of Smoothing Controllers
The Vdc in the presence and absence of the smoothing
controllers on both subgrids is illustrated in Fig. 14. The
voltage deviations in the DC bus are considerably reduced
with smoothing controllers.

Figure 16. Reactive power

The power management in DC subgrid in the presence of
smoothing controllers on both the subgrids is depicted in
Fig. 17. The smoothing controller of the DC subgrid helps in
the reduction of stress on the ILC.

Figure 14. DC bus voltage with and without smoothing

The active power exchanged with the grid is shown in
Fig. 15. Fluctuations in active power are reduced by
incorporating the smoothing controller for WECS. Better
smoothing is achieved when smoothing controllers are
incorporated for both WECS and DC subgrid.
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Figure 17. The power balance in DC subgrid with smoothing controllers

The power exchange via the ILC in the presence and
absence of smoothing controllers is depicted in Fig. 18.
Since immediate power balancing is achieved by SC1 and
fluctuations in the output of WECS are reduced by SC2, the
stress on ILC is significantly minimized.
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Figure 20. Harmonic spectrum of grid current

V. CONCLUSION

Figure 18. The power exchanged through ILC

The power balance equations on DC and AC subgrids in
the absence of SC-based smoothing controllers are given by
equations (20) and (21):
PPV  PFC  PEL  PEX  PDC LOAD
(20)

PW  PGRID  PEX  PAC LOAD

(21)

The power balance equations on the DC and AC subgrids
in the presence of smoothing controllers are given by
equations (22) and (23):
PPV  PFC  PSC  PEL  PEX  PDC LOAD
(22)

Psmooth  PGRID  PEX  PAC LOAD

(23)

This paper presents a novel power smoothing technique
for the grid integrated HMG with PV, WECS and FC based
DG system. Distinct power smoothing control schemes are
employed on AC and DC subgrids. The SC system is
controlled to absorb and deliver power during sudden power
deviations on DC subgrid. The output power of WECS
coupled to the AC subgrid is smoothened using the SC
system by different smoothing techniques. The key findings
of this study are summarized below.

When PV array or WECS are integrated on both AC
and DC subgrids, intermittent power production affects
the power and voltage profiles of both subgrids.

KF based velocity smoothing approach is found to be
effective in smoothing the power output for WECS.

By incorporating the smoothing controller developed
for the DC subgrid along with the smoothing controller
for WECS, stress on the ILC is significantly
minimized.

The smoothing controllers developed in this work have
reduced the stress on the individual subgrids and the
utility grid; thereby, the power quality is enhanced.

If the power flowing through ILC (PEX) is positive, the
power is flowing from DC subgrid to AC subgrid and if it is
negative, the power is drawn from AC subgrid. Similarly, if
the grid active power (PGRID) is positive, then the power is
sent to the grid and if it is negative, the grid supplies the
power.
The sinusoidal waveform of the grid current when the
smoothing controllers are incorporated in the system is
shown in Fig. 19. The current is less distorted. The harmonic
spectrum of the grid current in the presence of the
smoothing controller for SC1 and KFV based smoothing
controller for SC2 is shown in Fig. 20. The THD is within
acceptable limits (lesser than 5%).

LIST OF ABBREVIATIONS
BES
EL
FC
HMG
ILC
KF
KFV
KFWA
LPF
MG
MPPT
PMSG
PV
SC
SOC
SPVR
THD
WECS

Battery Energy Storage
Electrolyzer
Fuel Cell
Hybrid AC-DC Microgrid
Interlinking Converter
Kalman Filter
Kalman Filter Based Velocity
Smoothing
Kalman Filter Based Weighted Average
Low Pass Filter
Microgrid
Maximum Power Point Tracking
Permanent Magnet Synchronous Generator
Photovoltaic
Supercapacitor
State of Charge
Smooth Power Variation Rate
Total Harmonic Distortion
Wind Energy Conversion System
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