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Abstract: Synchronization in the energy generated by renewable energy sources is one
of the significant issue associated with the converter used in the system module. The
presented paper concentrates on the design aspect of a PV and wind power input to
a DC-DC converter which can be practically useful in hybrid renewable energy power
systems. In this regard, the proposed converter can be utilized to obtain a smooth
regulated output voltage from the given input renewable energy power sources. The
proposed converter can be efficiently work under critical conditions having very few
ripple in current waveform of input or output. A major advantage with this type of
converter is the simple circuit with respect to the conventional converters in some critical
situations. At the end, the result based on the simulation exercise and various
experiments, performance of the converter in different situations is presented so that the
efficiency of the designed converter arrangement is accepted.
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1. Introduction
A hybrid system can be defined as an electrical system having one or more energy sources
along with at least one source as renewable energy source. Wind energy as well as solar
energy using a photovoltaic array are two major environmentally friendly sources of energy
[1]. There are mainly two types of hybrid systems, one is grid connected and the other one is
in standalone mode [2, 3]. The hybrid photovoltaic (PV) and wind turbine system (WT) can be
mainly applied in the systems like water pumping, domestic as well as street lighting, surface
mine lighting, various vehicle applications etc.
The projected hybrid structure comprises of one wind blade, one fluctuating speed wind
alternator, an AC/DC converter attached to the wind side, a PV module, a DC/DC chopper,
a DC/DC converter to get the controlled DC output with a desired voltage level and a DC/AC
converter is used to get the controlled output AC voltage as required by the load as shown in
Fig. 1 [4, 5].

242

Arch. Elect. Eng.

H. Sharma, N. Pal, P. Kumar, A. Yadav

Fig. 1. Hybrid generation system model

A typical DC capacitor is also attached in addition to an applied load to suppress the harmonics. From a common DC line, a parallel connection is provided for two power sources [6].

2. Operation principle of designed converter
In this survey, the principle is to synthesize different DC/DC converters to create MIC.
Two Cuk converters have been used for the structure of the given converter. The circuit
diagram of this converter is given in Fig. 2. It includes two DC input sources (V1, V1).

Fig. 2. Designed circuit
of proposed converter

The bypass path for the inductors L1 and L2 currents to flow continuously is provided by
power diode D1 and D2. The projected dual input DC-DC converter can take power from two
voltage sources separately or simultaneously, by applying an appropriate control scheme to the
pulse generator of the power switches S1 and S2. On the other hand, based on the control
scheme and input sources, the output voltage can be regulated at the reference value [7]. The
energy transfer elements are capacitors C1 and C2. The duty of capacitor C3 is to eliminate the
ripple of the output voltage like in the conventional converters.
It has four modes of operation, which are categorized with respect to the status of the
power switches (S1 and S2):
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Mode I (S1 ON and S2 ON): in this mode, the input voltage sources V1(Solar) [8] and
V1(Wind) charge the input inductors L1 and L2 and at the same time, C1 and C2 discharge and
supply energy to the output load [9]. Since, S1 and S2 are conducting, power diodes D1 and D2
are reversed biased and should be considered as an open circuit (OC).
Mode II (S1 ON and S2 OFF): in this mode, the power diode D1 is reversed biased, thus,
operates as an open circuit and D2 is forward biased and acts as a short circuit (SC). During
operation, V1 charges the inductor L1 and V1 charges capacitor C2. The inductor L2 releases its
energy to the capacitor C2.
Mode III (S1 OFF and S2 ON): here, D1 is forward biased and conducts, whereas the D2 is
reversed biased, so it is blocked. In this mode, V1 and L1 charges the capacitor C1. Similarly,
inductor L2 is charged by voltage produced by V1. Capacitor C2 is discharged to provide
energy to the load.
Mode IV (S1 OFF and S2 OFF): the diodes (D1 and D2) are forward biased and taken as
a short circuit (SC). Here, the capacitors C1 and C2 are charged by V1 and V1, respectively.
Inductor L3 is needed to diminish the ripple present in the output current waveform. As
shown in Fig. 3, t1 and t 2 represent the conducting time for the power switches S1 and S2
respectively. Fig. 3 represents analytical voltage and current waveforms of the designed converter taking t1 > t 2. Starting from the top, the analytical waveform of power switches, voltage across the switches (VS1 and VS2), current in the inductors (IL1 and IL2), voltage across the
capacitors (VC1 and VC2) and current output across the inductor (IL3) are determined.

3. Steady state analysis of the system
Correlation between input voltage and output voltage can be derived from the steady state
volt-second balance investigation of the inductors. For the voltage and current waveforms
represented in Fig. 3, the corresponding operational circuit of the projected converter through
one switching sequence will follows the order of modes I, II, and IV.
Using the volt-second balance theorem on the inductors L1, L2 & L3 the below equations
can be achieved:
For L1: by applying the volt-second balance theorem,
(V1 × t 2 ) + V1 (t1 − t 2 ) + (V1 − VC )(1 − t1 ) = 0 ,
1

VC =
1

1
×V .
(1 − t1 ) 1

(1)
(2)

For L2:

(V2 × t2 ) + (V2 − VC )(t1 − t 2 ) + (V2 − VC )(1 − t 2 ) = 0 ,
2

2

VC =
2

1
V .
(1 − t2 ) 2

(3)
(4)
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For L3:
(VC + VC + V0 ) × t 2 + (VC − V0 )(t1 − t2 ) − V0 (1 − t1 ) = 0 ,

(5)

V0 = (VC × t1 ) + (VC × t2 ) ,

(6)

1

2

1

1

V0 =

2

t1
t2
V +
V .
(1 − t 2 ) 1 (1 − t 2 ) 2

(7)

Vs1
Vs2
IL1
IL1
VC1

Fig. 3. Voltage and current
waveforms of the designed
converter vs time
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4. Multivariable control strategy for distributed hybrid power system
Usually, in a distributed power system, to control the voltage of different buses, the controller regulates the time duration of power switches which exist in power electronics devices.
In this paper, to design the controller, multivariable control strategy as an efficient method is
selected [10], [11]. The basic idea of this method is to shape a family of open-loop transfer
function matrixes of power system by minimizing the summation of the squared second norm
of the errors between the open-loop transfer function matrixes of the system, obtained at
several operating points of interest, and a desired open-loop transfer function matrix [12]. The
step by step method of controller designing is explained as below:
4.1. Determination of an open-loop transfer function of a power system
In this step, based on the power system characteristics, the open loop transfer function of
the power system is determined. The open loop transfer function of this system is defined as
Eq. 8.
⎡V01 ( jw) ⎤ ⎡ Gi ,11( jw) Gi ,12( jw) ⎤
⎥ ⎡ d1 ( jw) ⎤
⎢
⎥ ⎢
⎥.
⎢V02 ( jw)⎥ = ⎢Gi , 21( jw) Gi , 22( jw) ⎥ ⎢
⎥ ⎢⎣d 2 ( jw)⎥⎦
⎢
⎥ ⎢
⎣V03 ( jw) ⎦ ⎣⎢Gi ,31( jw) Gi ,32( jw) ⎦⎥

(8)
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In this equation, V01, V02 and V03 are the voltages of PQ buses and D1, D2 are the time
durations of converter switches. In addition, matrix Gi (jw) is the transfer function matrix of the
power system. The elements of this matrix are determined by measuring the frequency
response of the power system within the frequency range of interest.
At the next step, the elements of the transfer function matrix are calculated at several
operating points. The chosen operating points are the closest points to the most probable
operational conditions of the distributed power system. The family of transfer function
matrixes is formed as:
φ = {Gi ( jw), i = 1 to 2, ω ε R} .

(9)

4.2. Determination of the controller class
In this section, the class of controller is determined. The main objective of this survey is to
design a linearly parameterized multivariable controller. So, the class of the controller should
be determined in the Z-domain. The parametric model of such a multivariable controller in the
Z-domain is given by Eq. 10.
⎡ K11 ( Z ) K12 ( Z ) K13 ( Z ) ⎤
K (Z ) = ⎢
⎥.
⎣⎢ K 21 ( Z ) K 22 ( Z ) K 23 ( Z )⎦⎥

(10)

The elements of the controller matrix have the same form which is stated by Eq. 11. The
definition of the equation parameters is presented in Eq. 12.
K ij ( z , ρ) = ρTij φ( z ) ,

(11)

⎫
⎧ρTij = [ρij ,0 , ρij ,1 , ρij , 2 ,..., ρij ,n ]
⎪⎪
⎪⎪
⎨ T
⎡ 1
Z −1
Z −2
Z -n ⎤ ⎬ .
,
,
, ...,
⎪φ ( Z ) = ⎢
⎥⎪
−1
−1
−1
1 - Z-1 ⎦⎥ ⎭⎪
⎣⎢1 − Z 1 − Z 1 − Z
⎩⎪

(12)

In the above equations, the variable n is the number of zeros for each element. To calculate
this parameter, the initial value of 2 is considered. Then this parameter is increased until the
controller achieves appropriate dynamic performance. In this survey, the minimum value to
satisfy the goals of accuracy and fast dynamic performance is n = 4. Based on this selection,
the element forms of matrix K(z) are stated as:
K ij ( z ) =

ρij ,0 + ρij ,1.z −1 + ρij , 2 .z −2 + ρij ,3.z −3 + ρij , 4 .z −4
1 − z −1

.

(13)

For more clarification, the block diagram of the controller to determine the conduction
time of the switch (S1) is presented in Fig. 4. As the figure shows, based on the difference between the actual value of buses voltage and their reference values, the elements of the first row
of the matrix K(z) determine the conduction time of converter switches. The elements of other
rows of this matrix, determine the conduction time of switches S2, S3 and S4, respectively.
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Fig. 4. Controller block diagram
for determining D1

After calculating the elements of the transfer function of K(z), based on Eq. 14, the elements of the open-loop transfer function matrix of the overall power system are obtained.
L( jw) = G ( jw) × K ( jw) .

(14)

So, based on Eq. 15, the family of open-loop transfer function matrixes can be calculated.

Λ = {Li ( jw), i = 1, 2 and ωε R} .

(15)

4.3. Loop Shaping by Optimization Process
At the next step, the loop shaping of the open-loop transfer function matrixes family is
done via minimizing the summation of the squared second norm of the errors between Li and
Ld. The matrix Li is the open-loop transfer function matrix of the overall power system, and
matrix Ld is the desired matrix that the user expected from the power system. So, for the
controller design, the procedure solves the optimization problem which is stated in Eq. 16.
4

min

∑ L −L
i

d

2

.

(16)

i =1

The elements of Ld are determined based on the controller objectives. The diagonal
elements of the matrix Ld are considered to regulate the voltages of PQ buses with appropriate
dynamic performance. In other words, by adjusting ωc an appropriate dynamic response is
achieved. In this paper, to provide a reasonable bandwidth and guarantee stability,
ωc = 8×104 r/s.
⎡ ωc
⎢S
⎡ LD ( S )
⎤
0
0
⎢ 1
⎥ ⎢
LD ( S ) = ⎢ 0
LD ( S )
0 ⎥=⎢ 0
2
⎢
⎥ ⎢
LD ( S )⎥ ⎢
0
⎢⎣ 0
3
⎦ ⎢ 0
⎣

0
ωc
S
0

⎤
0 ⎥
⎥
0 ⎥.
⎥
ωc ⎥
⎥
S ⎦

(17)
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The closed-loop sensitivity function of diagonal elements is:

Si =

1 ,
1 + Li , q

{[

][

]}

Wi ( jw)[1 + LD ,qq ( jw, ρ)] < Re 1 + LD ,qq (− jw) 1 + Li ,qq ( jw, ρ) ,
∀ ω ∈ R for i = 1, 2 and q, p = 1, 2, 3 ,

(18)

where, Wi( jw) is the weighting filter. In this survey, W1 = 0.6 to guarantee the phase margin of
greater than 29°. In addition to guarantee the stability of the power system. The parameterized
controller can satisfy the stability of the power system if:
ri , pq ( jw, ρ) <

Re{[1 + LD ,q (− jw)][1 + Li ,q ( jw, ρ)]}
W1 ( jw)[1 + LD ,qq ( jw, ρ)]

,

(19)

∀ ω ε R for i = 1, 2 and q, p = 1, 2, 3,

where, parameters of ri ,pq are the off-diagonal elements of matrix Li.

5. Dynamic performance analysis of designed controller
at different situations
In this section, the dynamic performance and stability of proposed control strategy have
been studied in different conditions. In order to have a comprehensive evaluation of the controller performance, several examinations including all the normal and critical conditions that
a power system may experiences are tested. It must be mentioned that at these tests, the initial
values of quantitative parameters that have been selected for a distributed power system are
similar to the ones that are mentioned in the previous section. In addition, as the B2 bus is
connected to all of the PQ buses as shown in Fig. 5, then it is not necessary to measure the
voltage of each PQ bus and the voltage of the B2 bus is a comprehensive representative of the
overall power system voltage [13, 14]. It is necessary to mention that in following tests, the
RMS value of the B2 bus voltages is measured. The reference value of this parameter at a normal condition is V = 20 kV. These tests are described as below:

Fig. 5. Simulated distributed hybrid PV/wind power system in MATLAB/SIMULINK
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5.1. Changing the power demand at PQ bus
In this examination, the ability of a controller to respond to different power demands at PQ
buses has been analyzed. This test is divided into two parts. In the first section, the variation of
active power and at the second part, reactive power alternation has been studied.
For this reason, at the first evaluation, at t = 4 s, the power demand of three PQ buses has
been increased from 1.1 MW to 1.7 MW. For the second scenario, like in the previous test, the
reactive power demand has been changed and at t = 4 s, the amount of reactive power that was
consumed at three PQ buses is increased from 350 kvar to 550 kvar as shown in Fig. 6.

Fig. 6. The voltage of B2 bus in Test A, during a) increase of demanded active power, b) increase
of demanded Reactive power

At the first examination, normal conditions are considered for the power system. The
quantitative characteristics of the power system are: λ = 1, T = 320 K, Wind Speed
(vw) = 8 m/s, the reference value of the B2 bus voltage = 20 kV.
5.2. Variations of ambient conditions at renewable energy sources
In this part, two of the prevalent incidents that affect the performance of distributed renewable power systems are studied. These incidents are caused by the reduction of sun irradiation (λ = 1 to λ = 0.2) and continuous variation of wind speed (vw = 10 m/s to vw = 1 m/s).
The voltage of the B2 bus is measured and is presented in Fig. 7.
5.3. Variations of the reference voltage value
In this test, by changing the quantity of reference voltage, the flexibility of a power system
in changing bus voltage has been tested. The reference voltage V = 20 kV is increased to
V = 25 kV at t = 4 s and then is decreased to V = 17 kV at t = 6 s. The voltage of the B2 bus is
measured and shown in Fig. 8.
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Fig. 7. The voltage of B2 bus in Test B, during a) decrease of sun irradiation, b) decrease of wind speed

Fig. 8. The voltage of B2 bus in Test C

5.4. Occurrence of fault condition in one of the PQ buses
In this test, by inserting the symmetrical fault condition to one of the PQ buses (B3) and
observing the voltage of other PQ buses, the independence of PQ buses voltage has been
analyzed and shown in Fig. 9(a).

Fig. 9. The voltage of B2 bus in Test D with a) multivariable controller, b) conventional controller
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As the figure shows, occurrence of electrical fault at t = 4 sec at one of the buses has
negligible influences on the other parts of the power system. For instance, this test has been
repeated with a conventional controller (PID controller) and the voltage of the B2 bus has been
measured again and is shown in Fig. 9(b).
As this figure shows, the PID controller cannot maintain the stability of the voltage of the
distributed power system. By comparing the results of these two controllers, the efficiency of
a multivariable controller is revealed.
5.5. The changing structure of a hybrid power supply distribution system
In this test, the response of a multivariable controller to the power system structure changes is evaluated. To analyze this feature, at t = 5 s, the power line that connects the B5 bus to
B2 bus is cut off. As Fig. 10 shows, inserted perturbation doesn’t make the voltage of the power system unstable and after about 0.5 second, the controller regulates the voltage of a common bus of B2 at predetermined value again. In addition, during transient time, the increase of
voltage at the proposed bus is insignificant.

Fig. 10. The voltage of B2 bus in Test E

6. Conclusions
This paper proposes two important subjects. In the first part, a novel double-input DC-DC
converter that can be applied in a distributed power system is introduced. The theoretical principles of the proposed converter are presented, and based on these principles; the current of
converter’s inductors, the voltage of converter’s capacitors and the output voltage are discussed. In the second section, by applying a designed converter, a distributed hybrid PV/wind power system is simulated. To control the power switches of power system’s converters, a multivariable controller is designed. This controller has some exclusive features that are: 1) regulating the voltage of a power system in normal and critical conditions, 2) isolating the voltage
of different buses from each other, 3) changing the reference value of power system voltage
with appropriate dynamic performance. The simulation and experimental results confirm satisfactory performance of the proposed multivariable controller in regulation of the distributed
hybrid power system voltage at different conditions. The proposed methodology is general and
applicable to different distributed renewable power systems with any number of energy
sources and PQ buses.
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