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Abstract

This paper presents a mathematical model of a high gain non-isolated dc-dc converter for solar photovoltaic application under closed
loop condition. This converter utilizes active switched inductor technology to achieve high gain with reduced voltage stress. All the
steady states and transient states are discussed in detail and a suitable PI based voltage mode controller is designed to control the output
voltage under various transient conditions. Further the mathematical model is implemented in MATLAB/SIMULINK and performance

of the converter is tested.
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1. Introduction

Due to the rapid depletion of fossil fuels and increasing carbon
footprint, renewable energy sources like solar photovoltaic, wind,
biomass has received attention in recent days [1]. Among all re-
newable energy sources, solar photovoltaic is most popular due to
its easy availability and reliability [2]. But it is essential to inter-
face power electronic devices in between solar photovoltaic and
utility to make it usable [3].

As the voltage available from solar photovoltaic is quiet low, so
dc-dc boost converters are popular choice to increase the voltage
to a standard level [4], [5]. Isolated dc-dc boost converters are not
convenient for this application due to its problem related to satura-
tion and bulk in size [6], [7]. Non-lsolated conventional dc-dc
boost converter cannot provide very high gain because of the di-
ode reverse recovery issue and limitations related to semiconduc-
tor devices [8]. Many boost derived converters are proposed in
recent days for high gain application to overcome these problems
[9-18]. At the same time, a suitable control topology is essential in
order to connect this kind of systems to grid as the voltage availa-
ble from solar photovoltaic is variable in nature.

Among all boost derived converters, Switched Inductor (S.I) based
dc-dc converters are popular due to its simple structure and ability
to provide high voltage gain. A passive S.I based dc-dc converter
is proposed in [19], but the power switch of this converter suffers
from problem related to high voltage stress. This problem is over-
come by proposing an active S.I network in [20]; In this converter
topology, two inductors are charging in parallel during simultane-
ous switching on of power switches and are discharging in series
during switching off of the power switches in order to provide
high voltage gain.

This paper presents a mathematical state space model of the con-
verter proposed in [20], in order to develop a suitable control to-
pology. At first, the steady state operation of the converter is dis-
cussed in detail and then a large signal model and small signal
model is developed. Further, this converter with close loop con-
troller is implemented in MATLAB/SIMULINK and tested under
various dynamic conditions in order to check its performance. All
the mathematical models and results confirm that this converter

can provide high voltage gain and is stable under various dynamic
conditions in closed loop.

Nomenclature
Symbols used

S1,S, Switches

L,,L, Inductors

C Output Capacitor

Vs Input Voltage

Vo Output Voltage

Iy Output Current

Ic Current through the capacitor
Ve Voltage across the capacitor

VL,,VL, Voltage across the inductors
IL,,IL,  Current through the inductors

2. Circuit diagram
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Fig. 1: Circuit Diagram of the Proposed Converter.

Figure 1 shows the proposed converter, the two switches (S;
and S,) are triggered simultaneously so that the two inductors
(Lq,L;) charge in parallel and during the off time of the switches
the inductors discharge in series to the load through the output
diode (D). During the on time period of the switches the load is
fed by the output capacitor (C) whereas the capacitor gets charged
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during the off time period of the switch. Following assumptions 3. Analysis
are made for easier understanding and analysis of the circuit.
1) All the semiconductor devices and passive elements are ide- ;
) al P 3.1. Steady state analysis
2) Values of switched inductors (L; and L,) are same. 3.1.1. Voltage gain
2.1. Mode-1:- when both the switches (S; and S,) are Voltage gain during CCM is given by
turned on
Vo (14+D)
> > % = D) ®)
* + 3.1.2. Design of inductor
Vu L 52
- — In case of the switched inductor based converter, voltage stress on
+ o + N diode and switches is high. So, in the proposed converter both the
Lor—— D VEFC RSy, inductors (L, and L,) are chosen with equal values. The required
- ) _ value of inductors L, and L, considering ripple current of induc-
. N tors (Al;) and switching frequency (f;) can be found out using,
v 1 ”VLZ L2 Ve
- Li=L,= ALSs ©)

- -

Fig. Z:Equivalent Circtﬁt during the on Time Period of the Switches.

During the on time period of the switches the equivalent circuit is
as shown in the figure 2. Both the inductors are connected in par-
allel with the input source and output capacitor feeds the load. The
inductor voltage and output voltage is written as,

Vs =V = Vi, )
Vo = Ve @
The equation for output current is written as,

Ie=-Io ©))

2.2. Mode-2:- when both the switches (S; and S,) are
turned off
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Fig. 3: Equivalent Circuit during the Off Time Period of the Switches.
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When the switches are turned off, both the inductors discharge
serially to the load and output capacitor through the output diode
as shown in figure 3. The voltage equation is written as,

Vs = Vi = Vo=V, =0 4
As L, and L, are with same values, (4) can be written as,
Vs—2V, -V, =0 (5)
Output current is given by,

Ih =14 —I¢ (6)
Output voltage is given by,

Vo = Vo )

3.1.3. Design of capacitor

The value of capacitor in terms of ripple in capacitor voltage (AV,)
and switching frequency (f) is given by,

_ VoD
AVR;

(10)

3.2. Transient analysis

Transient analysis is performed to check the performance of the
circuit with respect to change in time, output or input parameters
like change in load or change in input voltage. With the help of the
results obtained from this analysis a proper controller can be de-
signed in order to get the desired output irrespective of change in
the parameters. General state space model is represented as,

x(t) = Ax(t) + Bu(t)
y(t) = Cx(t) + Du(t)
3.2.1. Large signal analysis

Large signal analysis represents the transient behavior of the sys-
tem over the entire range of the parameters. In short, it is the addi-
tion of steady state signal and small signal. The large signal analy-
sis of a converter is done by obtaining the state space model of the
converter during the on and off state of the switch separately and
then adding them using the large signal averaging method. The
large signal averaging is done as,

A=A;*D+A,+x(1—-D)
B=B,+D+B,*(1—D)
C=C +D+Cy*(1=D)
D=Dy*D+D,*(1-D)

The states (x (t)) depend on the number of passive components.
Current through the inductor is considered as a state whereas in
case of capacitors voltage across a capacitor is considered as state.
In the proposed converter there are three passive components (two
inductors and one capacitor). Hence the proposed converter has
three states which can be represented as I1, 1.2 and V.

During the on time period of the switch (Ton), using (1) the state
equation for the inductors can be written as,

dly, _ ,dl, _ V.
- - Vs

dt dat (ll)
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The above equation can also be represented as,
Vs

Il',l = 1le =1 (12)

Using (3), the state equation for capacitor can be written as,

ave _ _
L=y, 13)

The above equation can also be written as,

; Vi

The state equation for the on time period of switches is represent-
ed as,

x(t) = Ayx(t) + Byu(t)

Where
00 0 %
A, =0 0 0| g —|1],
00 = L
RC 0

Iy
X = ILZ ,u(t) = VS
Ve
Using (2) output of the converter is given by,

Vo = V¢ (15)

The output equation for off time period of the switches is written
as,

y() = Cix(t) + Dyu(t)
Where
c;=1[0 0 1],0y=1[0],y(t) =V,

During the off time period of the switch (T, ), using (5) the state
equation for the inductors can be written as,
Az _ Vs—Vo

diy, _
dt =L at 2 (16)

L

This equation can be further written as,

Vs—Vo

11:1 = IL.z Y (17)
Using (6) current through the capacitor is given by,
Ve I Ve
dt ~ 2 R (18)
This equation can be written as,
s IV

The state equation for the off time period of switches is be written
as,

x(t) = A,x(t) + Byu(t)

Where

Poal [
2 20

A, =0 0 =|B,=]|1]
) 2 2L
c 9 % 0
Iy

x=|I,|, ult) =vs
Ve

Using (7) output equation of the converter is given by,
VO = VC (20)

The output equation for off time period of the switches is written
as,

y(t) = Cox(t) + Dyu(t)
Where
C;=[0 0 1],D,=[0],y(t) =V0

By applying the state space averaging technique, the state space
matrices are obtained as,

[ 0 0 ﬂ] 14D
I 2L 2L
A=|o o T2 B=[1sp],
T
= o — | 0
c RC

c=[0o 0o 1],D =[0]

The transfer function obtained from MATLAB for output to input
(after substituting the values from the Table 1) becomes,

2.6359e07

T (8) = 55755+ 5 983000 e

Table 1: Specifications of the Proposed Converter

Parameters Specifications

Maximum power output , PO 500 W
Input Voltage ,Vin 50 V
Output Voltage,VO 220V
Switching frequency , fs 50 KHz
Duty Cycle , D 0.63
Inductors , L1,L.2 4.4 mH
Output Capacitor , C 2.6 uF
Output Resistance , R 96.8 Q

3.2.2. Small signal model

Small signal model can be obtained by subtracting the steady state
signal from large signal. Small signal model is used to design
controllers. The small signal model is represented as,

%00 = AR(D + BG(D + [(Ay — ADX + (B; — B,)U] A
(0 = CX(® + Da(® + [(C; — C)X + (D; — DHU] A

Where @ ﬁ-(?) d are the small signal values

X, U are the steady state values

For the proposed the converter the resulting small signal model
can be written as,

—~— —(A-D)7 1+D  Vc+Vs

[Iu [0 o0 2L { I, [ZL 2L ] .
= —@-D)[f~~]  |1+D Vc+Vs[|Vin
1= 0 0 5|l +| 2L 2L I '&]
[AJ L N A [0 I_J

Ve C RC ¢ C
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. Iq
w=I[0 o 11|,

L2
Ve

The transfer function for small change in output voltage to small
change in duty ratio obtained from MATLAB (after substituting
the values from the Table 1 and the value of IL1 was used from
the MATLAB/SIMULINK model which comes out to be
6.07Amp) becomes,

—2.3346€06(s—1872)

T, §) = —/— 4 ——————=
rs(5) S24+3973+5+5.983e06

(22)
3.2.3. Controller design

Controller is designed for using small signal model. Bode plot for
the small signal model shows that there is no need for a derivative
controller. Hence the controller designed is a PI controller. Con-
troller was designed for a different set of controller gain values
and the best set of values is used for further analysis.

4. Results and discussion

Step response for output voltage to input voltage is shown in fig-
ure 4. The plot shows that the output voltage settles for a value of
around 4.4 for a duty ratio 0.63 which can be verified from (8).

Step Response
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Fig. 4: Step Response ToTg(S).

Step response for small change in output voltage to small change
in duty ratio is as shown in figure 5.
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Fig. 5: Step Response ForTgs(S).

Root locus plot for small change in output voltage to small change
in duty ratio is shown in figure 6.
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Fig. 6: Root Locus Plot for Tgg(s).

Controller was designed for different sets of values and the com-
parison between them is shown in Table-2.
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Fig. 7: Step Response of Controller with Set 1 Gain Values.
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Fig. 9: Step Response of Controller with Set 3 Gain Values.

Considering all the parameters from table 2, set-2 gain values
were used for further analysis due to low rise and settling time
with no peak overshoot and appropriate gain and phase margin.
Root locus of the entire system with set-2 controller gain and
feedback (feedback transfer function is taken as 1) is as shown in
figure 10.
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Fig. 10: Root Locus Plot for Set-2 Values of Controller Gain.

Bode plot for entire system with set-2 controller gain is shown in
figure 11.
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Bode Diagram
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Fig. 11: Bode Plot for Entirgéng;/'s:ptue};"{;\;ith Set-2 Controller Gain.

A MATLAB/SIMULINK model was designed with set-2 control-
ler gain values for 74V input to get a constant output of 220V with
variable load and the schematic is as shown in figure 12,

EonnEAl |

Fig. 12: Matlab/Simulink of the Converter.

The plot for output voltage and output current versus time in sec-
onds is as shown in figure 13 and figure 14 respectively.

Table 2: Comparison between Parameters of Different Sets of Values of
Controller Gain

Parameters Setl Set 2 Set3
Proportional gain, Kp 0.00101 0 0

Integral gain, Ki 0.86314 0.39555 0.039843
Rise time 0.000414 sec  0.00446 sec 0.0728 sec
Settling time 0.00754 sec  0.00889 sec 0.131 sec
Overshoot 19.8 % 0% 0%
Peak 1.2 0.999 0.999
Gain Margin 3.17dB 12.9dB 32.8dB
Phase Margin 69 deg 70.1 deg 88 deg
Step Response Figure 7 Figure 8 Figure 9
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Fig. 13: Plot For Output Voltage Versus Time.

w

2,748

£,
225 2.273A :
20 24 | T
E1s
£
5
CH
3
=
505

N . . . . . . .

(] 1 2 3 4 s 6 7

time in seconds

Fig. 14: Plot for Output Current Versus Time.

5. Conclusion

A mathematical model has been developed and a controller has
been proposed, designed and implemented for a non-isolated high
gain dc-dc converter for solar photovoltaic application. This paper
includes the steady state model as well as the dynamic model of
the converter. A pole placement technique has been used in order

to design the controller. Root locus and bode plot mentioned in
this paper confirms that the converter operated stably under vari-
ous voltage fluctuation conditions. All this features of the convert-
er make it suitable to connect with solar photovoltaic system.
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