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Abstract. A time-domain design methodology for voltage regulation control of dc–dc boost and buck-boost
converters based on a multi-loop controller with PI regulator for the outer loop and an inner loop with sliding
mode current controller has been developed for renewable energy applications such as photovoltaic (PV)-fed
dc–dc converters. This paper proposes a new method for the design of PI regulators in such multi-loop control
scheme. The proposed design presents a simple analytical method for selecting controller gains and has been
validated by simulation as well as hardware implementation. Also, this paper presents an illustrative example
based on the proposed design for the voltage regulation control of PV-fed boost converters for off-grid applications. The simulation results for varying irradiation, temperature and load along with stability analysis have
been presented in this paper. The proposed controller is implemented in hardware for a 1.1 kW PV-array-fed
boost converter. Performance analysis based on field test results using real-time weather data validates the
proposed design. Therefore the proposed controller could be considered as an attractive solution for off-grid
renewable energy applications like PV- or fuel-cell-fed dc–dc converter, where the variations are stochastic in
nature.
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1. Introduction
Boost converters and buck-boost converters are invariably
used as front-end power interface in renewable energy
applications such as photovoltaic (PV) solar systems, fuel
cells, etc. [1, 2]. When these converters are employed in
open-loop mode, they do not provide voltage regulation and
exhibit poor dynamic response; hence, these converters
require a closed-loop control for regulating the output
voltage. The modelling of dc–dc converters is one of the
preliminary steps in the design of controllers. Numerous
contributions on modelling and control of dc–dc converters
have been reported in literature [3–7].
The linearized small-signal transfer function approach
was invariably followed in the early years [3, 4, 7].
Numerous methods on closed-loop controller design for
dc–dc converter, based on this small signal model, have
been reported in the literature [8–12]. Some of the methods
that could be mentioned are Ziegler-Nichol’s method [9],
*For correspondence

hysteresis method [12], circle-based criterion [8], etc. Later
several methods based on modern control theory are seen in
literature based on the state space models such as sliding
mode techniques [11, 13] and fuzzy controllers [14–16]. In
many of these modelling techniques, different models are
required for representing converter operation in continuous
conduction mode (CCM) and discontinuous conduction
mode (DCM), and in the literature previously described, the
DCM operation has been overlooked.
In all dc–dc converters, which are basically switching
circuits, the energy transfer from source to load takes place
in discrete time mode. An absence of correct theory to
describe the characteristics of all such switching circuits
prevailed until 2004. A new theory and set of parameters
has been proposed in Luo et al [17], to describe the behaviour of such switching circuits, in terms of a new concept
call energy factor (EF). This concept has paved the way for
yet another kind of modelling dc–dc converters with a
transfer function with new factors such as time constant and
damping time constant, which is applicable for both CCM
and DCM operations. This EF-based transfer function
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model of power dc–dc converters is well exploited in the
present work for design of PI controllers [18]. Also, current-mode control (CMC) has been widely used for a
stringent voltage regulation with huge disturbances in the
input voltage. A CMC is a linear feedback along with an
integral feedback that consists of an external voltage loop
and also an inner current loop. It is also known as multiloop control [19].
In most of the existing works, the design and validation
of the controller are performed considering a stiff dc source
with some disturbance introduced to it. However, in case of
a dc–dc converter fed from a renewable source like photovoltaic (PV) array, the voltage from such sources possesses drooping V–I characteristics and is not stiff; rather it
depends on multiple factors that change with time, which
include irradiation incident on the PV array and ambient
temperature as well as loads connected to the PV array.
There are also other factors such as wind speed, dust
deposition, shadow, etc. that have some influence on the
output of the PV array. It should be noted that the change in
PV voltage due to irradiance and temperature might not be
very fast, since the change in irradiation or temperature
does not happen instantaneously. However the change in
load connected to the PV does happen instantaneously,
which causes a rapid change in PV voltage and in turn the
magnitude of this change depends upon the irradiance
value. The rapidity of the change in PV voltage depends on
load as well as the weather condition. Hence there is an
appreciable difference between the control of dc–dc converter that is fed by an uncontrolled rectifier connected to
grid, which is mostly the case, and the one like a stochastic
renewable source such as PV array. So far there is no
design procedure for PI controller used in a cascaded PISMC that has been reported in the literature for a PV-arrayfed dc–dc converter. For such a scenario, the controller
design and its validation have been attempted using the EF
model of a dc–dc converter in the present work for the first
time.
This paper proposes a new simple time domain design
procedure for multi-loop control of dc–dc converter, in
order to achieve voltage regulation. The outer loop consists
of a PI regulator and the inner loop consists of a sliding

mode current controller (SMC). This paper specifically
deals with the design of PI regulators in such multi-loop
control schemes, which is applied to design a voltage-regulated dc–dc boost and buck-boost converter fed by a
stochastic dc source and validated with simulation and field
test results. This paper is organized as follows. Section 2
presents the modelling of boost and buck-boost converters.
Section 3 presents the proposed design of controllers.
Section 4 presents the application of the proposed controller for voltage regulation of PV-array-fed boost converter along with simulation results and stability analysis.
The hardware implementation of the proposed controller
and field test results are presented in section 5.

2. Modelling and transfer function of dc–dc boost
and buck-boost converter
The modelling of dc–dc boost converter and buck-boost
converter reported in the literature and also the transfer
function of these converters as proposed by Dr Fang Lin
Luo and Dr Hong Ye [18] have been presented in this
section to provide a basis for the subsequent sections.
The equivalent circuit of the boost converter feeding a
resistive load, when the switch is closed and open, is shown
in figure 1a and b, respectively, where ‘R’ represents the
load resistance, ‘L’ is the inductance and ‘C’ is the
capacitance. Similarly the equivalent circuit of the buckboost converter feeding a resistive load when the switch is
closed and open is shown in figure 2a and b, respectively.
The generalized transfer function of any dc–dc converter
proposed by Fang Lin Luo [18], based on the EF concept is
given by the equation
Vo ðsÞ
M
¼
ð1Þ
Vin ðsÞ 1 þ ss þ s2 ssd


where ‘M’ is the voltage transfer gain M ¼ VVino , s is the
time constant, sd is the damping time constant and s is the
Laplace operator in the s-domain. The concept of time
constant and its definition and derivation are well explained
in Luo and Ye [18] and the expressions for these parameters
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Figure 1. Equivalent circuit of boost converter with resistive load (a) when the switch is closed and (b) when the switch is open.

Cascaded PI-sliding mode controller for dc–dc converters
u

-

ic(t)
L

VinV

C

IL(t)

-

U

Vo(t)
R

689

L

VinV

IL(t)

+

(a)

R
C

Vo(t)
+

(b)

Figure 2. Equivalent circuit of buck-boost converter with resistive load (a) when the switch is closed and (b) when the switch is open.
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Figure 3. Block diagram for the closed-loop output voltage regulation of a boost converter.

assuming there are no losses in the converter are given by
Eqs. (2)–(5).
s¼

2T  EF
1 þ CIR

ð2Þ

EF is the energy factor and CIR is capacitor-inductor
stored energy ratio, which are given by Eqs. (3) and (4),
respectively:
m

n

R WLj þ R WCj

SE j¼1
EF ¼
¼
PE

j¼1

V1 I 1 T

ð3Þ

n

R WCj

CIR ¼

j¼1
m

:

ð4Þ

R WLj

j¼1

In Eq. (3), SE is the stored energy and PE is the
pumping energy, which is defined as the input energy in a
switching period ‘T’. V1 and I1 are the input voltage and
current of the dc–dc converter; ‘m’ and ‘n’ are the number
of inductors and capacitors, respectively. WLj and WCj
represent the energy stored in jth inductor and capacitor,
respectively. The damping time constant sd is given by the
equation
sd ¼

2T  EF
CIR:
1 þ CIR

ð5Þ

The time domain expression for output voltage is derived
by inverse Laplace of Eq. (1) and given as
Vo ðtÞ ¼ A þ eat ðb cos bt þ c sin btÞ:

ð6Þ

The constants A, b and c given in Eq. (6) can be found
from the residues of the partial fraction expression of the
transfer function given by Eq. (1). Similarly, the transfer
function between inductor current and input voltage is
given by Eqs. (7) and (8) for boost converter and buckboost converter, respectively, and the time domain
expression is given by Eq. (9), which is derived by taking
inverse Laplace of Eqs. (7) and (8):
Il ðsÞ
M ð 1 þ sd s Þ
1
¼
2
Vin ðsÞ 1 þ ss þ s ssd Rð1  DÞ

ð7Þ

Il ðsÞ
M ð 1 þ sd s Þ
D
¼
2
Vin ðsÞ 1 þ ss þ s ssd Rð1  DÞ2

ð8Þ

il ðtÞ ¼ A2 þ eat ðb2 cos bt þ c2 sin btÞ

ð9Þ

where A2 ; b2 and c2 in Eq. (9) can be found from the
residues of partial fraction representation of Eqs. (7) and (8)
and ‘D’ is the duty cycle of the dc–dc converter.

3. Closed-loop voltage regulation control of dc–dc
boost and buck-boost converter
A closed-loop block diagram for the regulation of output
voltage of a boost converter is shown in figure 3.
The outer loop consists of a PI controller while the inner
loop consists of a current controller. The output of PI
controller block is the reference inductor current, which is
given by the equation


kp s þ ki
Il ref ðsÞ ¼ ½Vo ref ðsÞ  Vo ðsÞ
ð10Þ
s
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where Vo ref ¼ Vo ¼ Vo nominal is the nominal output
voltage of a given dc–dc converter.
Substituting Eq. (1) in (10), we get
"
#

M Vsin
Vo ref
kp s þ ki
Il ref ðsÞ ¼

ð11Þ
s
1 þ ss þ s2 ssd
s


ranges Vin_min–Vin-_max and Rmin - Rmax, respectively. The
worst case condition is considered for the design of control
parameters, which would be Vin_min for input voltage and
Rmin for the load resistance.

3.1 Sliding mode current controller

3


Vo ref s þ
kp s þ ki
4
5

Il ref ðsÞ ¼ 
s
s2 þ s s1d þ ss1d

ð12Þ



3
s þ s1d s þ kkpi
5


s s2 þ s s1d þ ss1d

ð13Þ

The basic principle of sliding mode control (SMC) involves
design of a sliding surface and its control law, which would
direct the trajectory of the state variables towards a desired
origin. Normally, in a single switch dc–dc converter, the
control law that adopts a switching function is given by the
equation

ð14Þ

1
u ¼ ð1 þ signðSÞÞ
2

2

2
Il

il

ref ðsÞ

ref ðtÞ

¼4

Vo

1
sd

ref kp

at

¼ A1 þ e

ðb1 cos bt þ c2 sin btÞ

where A1, b1 and c1 in Eq. (14) are the residues of partial
fraction representation of Eq. (13).
Also, from Eqs. (7) and (8) for dc–dc boost converter and
buck-boost converter, respectively, the actual inductor
current is given by the equation
il ðtÞ ¼ A2 þ eat ðb2 cos bt þ c2 sin btÞ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4ssd  s2
1
;b ¼
a¼
2ssd
2sd

ð17Þ

where ‘u’ is the switching function (logic state) of the
converter’s power switch and the state variable is the
inductor current. Based on the general SMC theory, the
state variable error is defined as the difference between
actual and reference value, which forms the sliding function
given by S ¼ il actual  il ref .

ð15Þ
ð16Þ

where A2 ; b2 and c2 are the residues of partial fraction
representation of Eqs. (7) and (8) for boost and buck-boost
converter, respectively. Also, a and b in Eq. (16) are the
real part and imaginary part, respectively, of the poles of
the transfer function given by Eq. (1). The derivation of
time domain expression for reference inductor current is
given by Eqs. (11)–(14); similarly the derivation of time
domain expression for actual inductor current is given by
Eq. (15). The real and imaginary parts of the poles of
Eq. (13) are given by Eq. (16). Also, the time domain
expression for the reference inductor current in terms of
controller parameters and actual inductor current in terms
of circuit parameters for a given condition of Vo-_ref and Vin
is given by Eqs. (14) and (15), respectively. The rise time
and settling time of the inductor current are governed by the
Eq. (15), which describes the current response of the dc–dc
converter. It is obvious that any attempt by the controller to
drive the current faster than this time constant would lead to
overshooting and instability. Hence the PI controller should
generate a reference inductor current, such that it follows
the inherent response nature of the power circuit, which
would result in an optimum response in the actual inductor
current as well as the output voltage. Equating Eqs. (14)
and (15), the values of PI controller parameters could be
derived. In this discussion the input voltage Vin and load
resistance R are assumed to be constant, which is not normally the case. There would be certainly disturbances in the
input voltage and the load resistance, which will vary in the

4. Illustrative example on design of closed-loop PIvoltage regulator with a sliding mode current
controller for a PV-fed dc–dc boost converter
This section presents a design example on PI-regulator
design of a PV-fed boost converter based on the procedure
explained in section 3. The block diagram of the closedloop control scheme of a boost converter is shown in figure 4 and the simulation model implemented in MATLAB/
Simulink is shown in figure 5. The outer loop consists of a
PI regulator that accepts the voltage error from the comparator and generates the reference inductor current, which
is followed by a current comparator and sliding mode

Figure 4. Block diagram for the closed-loop output voltage
regulation of a PV-array-fed boost converter with a PI regulator
and sliding mode current controller.

Cascaded PI-sliding mode controller for dc–dc converters

691

Figure 5. Simulation model for the closed-loop output voltage regulation of a boost converter with a PI regulator and sliding code
current controller in MATLAB/Simulink.

s ¼ 5:9 ms; sd ¼ 2:5 ms
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4ssd  s2
1
¼ 200; b ¼
¼ 165:9275
a¼
2ssd
2sd

Table 1. Design parameters for boost converter.
Sl.
no.
1
2
3
4
5
6

Parameters

Value

400
Nominal output voltage Vo nominal (V)
Maximum output power (W)
1160
Load resistance R (X)
138
Inductance L (H)
0.2
Capacitance C (F)
18  106
Variation in input voltage Vin min ! Vin max 200–300
(V)

From Eq. (8), the expression for PV array current, which
is the same as inductor current for the given condition, is
M ð1 þ sd sÞ Vpv min
1 þ ss þ s2 ssd s:Rð1  DÞ
2ð1 þ 2:5  103 sÞ
200
¼
1 þ 5:9  103 s þ 1:4750  105 s2 s:135ð1  0:5Þ

Ipv ðsÞ ¼

ipv ðtÞ ¼ 5 þ e200t ð5 cos 165:9t  0:933 sin 165:9tÞ:
Table 2. Design parameters for PV array.
Sl.
no.
1
2
3
4
5
6
7

Similarly, from Eq. (13), the reference PV array current
is

Parameters

Value
2

Irradiation range Q (kW/m )
Temperature range (°C)
Open-circuit voltage at STC (standard test
conditions) (V)
Short-circuit current at STC (A)
Number of PV panels in series (no.)
Number of strings in parallel (no.)
Variation in input voltage Vpv min ! Vpv max
(V)

0.4–0.9
15–45
21.29
4.72
13
2
200–300

current controller that generates the firing pulse for the
boost converter based on the sign of the current error.
The design data considered for the boost converter is
shown in table 1 and the PV array parameters are shown in
table 2. The calculation of controller parameters for the
design specifications is described here based on the design
procedure explained in section 3.
M¼

vo
1
400
1
)
¼
) D ¼ 0:5:
¼
200 1  D
vin 1  D

D is the duty cycle.
Time constant and damping time constant are calculated
using Eqs. (2) and (5):


3
400kp ðs þ 400Þ s þ kkpi
4
5
ref ðsÞ ¼
sðs2 þ 400s þ 67796:6Þ


200t
400:32kp  2:3694ki
ref ðtÞ ¼ 2:3694ki þ e


 cos 165:9t þ 480:92kp  0:445ki sin 165:9t :
2

Ipv
ipv

Equating ipv ðtÞ and ipv

ref ðtÞ,

we get kp ¼ 0; ki ¼ 2:101:

4.1 Simulation results of voltage-regulated boost
converter
The simulation of PV-array-fed boost converter in closed
loop is implemented using the controller constants calculated in the previous section, considering the disturbance in
irradiation as well as temperature incident on the PV array
and also with varying load conditions. The change in
temperature causes a change in PV array voltage; similarly,
the change in irradiation results in change in current
capacity of the PV array. Normally the change in PV array
voltage or current will not be instantaneous; rather it would
be gradual based on the climatic conditions. But as a worst
case a step change in irradiation as well as temperature has
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been considered to evaluate the robustness of the controller.
The step response for the minimum input voltage and
maximum input voltage considered for design is shown in
figure 6a and b, respectively. The response for change in
irradiation and temperature is shown in figure 7a and b,
respectively. Also, the response for a simultaneous change
in irradiation as well as temperature and load disturbance is
shown in figure 8a and b, respectively. From the results, it
is observed that there is absolutely no overshoot or undershoot present in the output voltage for both extremes of
input voltage step change from zero value. Also, the
maximum value of overshoot during irradiation, temperature and load variations is found to be very small in magnitude with a reduced settling time. The performance
indices of the controller, including overshoot, settling time
and rise time, under different conditions are tabulated in
table 3.

4.2 Stability analysis of the proposed controller
As explained in the previous sections the controller is
designed such that the system operates in stable condition
within the boundary considered for the design of controller,
which includes the disturbances in irradiation incident on
PV array, temperature of the PV array and variations in

load. The inherent inductor current response (which is also
the PV array current) of the dc–dc converter for the worst
case condition is governed by Eq. (18). Any effort by the
controller to make the converter to respond faster than this
would lead to overshooting and instability. The controller
response of outer loop with PI regulator, which generates
the reference inductor current as given by Eq. (19), needs to
be limited by the inherent inductor current response of the
dc–dc converter. Therefore the stability of the outer loop is
achieved by appropriate selection of controller gains in
order to make the reference inductor current buildup well
within the inherent inductor current response capability of
the dc–dc converter for the entire working range in
consideration.
ipv ðtÞ ¼ 5 þ e200t ð5 cos 165:9t  0:933 sin 165:9tÞ
ð18Þ
ipv

ref ðtÞ

¼ 2:394ki þ e200t ½ð400:32kp
 2:3694ki Þ cos 165:9t þ ð480:92kp
 0:445ki Þ sin 165:9t

ð19Þ

The sliding surface in a SMC-controlled PV-fed boost
converter is defined by Eq. (20). The condition for stability
corresponding to the two modes of operation, namely the

Figure 6. Simulation results of a PV-array-fed boost converter with a PI regulator and SMC using MATLAB/Simulink. (a) Step
response for maximum input voltage Vpv = 280 V, R = 138 X, irradiation = 0.62 kW/m2 and temperature = 15°C. (b) Step response
for minimum input voltage Vpv = 210 V, R = 138 X, irradiation = 0.62 kW/m2 and temperature = 45°C.
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Figure 7. Simulation results of PV-array-fed boost converter with a PI regulator and SMC. (a) Step response with constant temperature
35°C and varying irradiation from 0.4 to 0.9 kW/m2 at 0.1 s. (b) Step response for constant irradiation of 0.7 kW/m2 and varying
temperature from 15 to 45°C at 0.1 s.

reaching mode and the sliding mode, has been well illustrated in the literature [20].
S ¼ ipv

actual

 ipv

ref

¼0

ds
[0 ) u ¼ 1
dt
ds
lim \0 ) u ¼ 0
S!0þ dt

ð20Þ

lim

S!0



Vo  Vpv dipv ref Vpv
\
\
:
L
dt
L

ð21Þ

ð22Þ

The switching law of the sliding mode controller is
derived from the surface reachability condition given in

Eq. (21). The condition for local stability in order to confine
within the sliding surface is given in Eq. (22).
The plot of output voltage versus inductor current, which
are the two state variables of the dc–dc converter, with
variations in temperature, irradiation and load is shown in
figure 9a, b and c, respectively. It can be observed from
figure 9a that the system reaches the stable state with output voltage reaching its desired value of 400 V for all
values of temperature ranging from 5 to 45°C. Also, with
respect to variation in irradiation, the system is stable,
delivering its rated load for irradiation value greater than
0.4 kW/m2, till 1.2 kW/m2, as shown in figure 9b; similarly, the controller is capable of maintaining stability up to
1.5 times the rated load as shown in figure 9c, beyond
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Figure 8. Simulation results of a PV-array-fed boost converter with a PI regulator and sliding mode current controller using MATLAB/
Simulink. (a) Step response for simultaneous change in irradiation from 0.4 to 1.0 kW/m2 and change in temperature from 45 to 20°C at
0.1 s. (b) Step response for change in load resistance from 148 to 185 X at Q = 0.9 kW/m2 and temperature = 25°C.

Table 3. Dynamic response of PV-array-fed boost converter with the proposed controller design.

Disturbances considered for simulation
Minimum PV array voltage at 210 V
Maximum PV array voltage at 280 V
Change in irradiation from 0.4 to 0.9 kW/m2 at 0.1 s
Change in temp. from 15 to 45°C
Simultaneous change in irradiation from 0.4 to 1.0 kW/m2 and
change in temperature from 45 to 20°C
Change in load resistance from 148 to 185 X

which the output voltage falls. The stability of the inner
current loop depends on the maximum allowable error from
the sliding surface. The state plane (x  x_ plane) plot,

Delay
time (ms)

Settling
time (ms)

Peak overshoot (% of
V0_nominal)

Steady-state
error (V)

5
5
NA
NA
NA

25
30
15
15
15

0
0
20
18
40

±1
±1
±2
±2
±2

NA

15

38

±2

showing the variation of inductor current error and its rate
of change, is shown in figure 10 for all the disturbance
conditions. It can be observed that the error converges

Cascaded PI-sliding mode controller for dc–dc converters
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Figure 9. Stability analysis curves. (a) Constant irradiation at 0.5 kW/m2 and rated load with varying temperature. (b) Constant
temperature at 45°C and rated load with varying irradiation. (c) Constant irradiation at 0.7 kW/m2 and temperature at 45°C with varying
load.

Phase Plane Trajectory with constant Irradiation
4000

4000
Rate of change of error (A/S)

Rate of change of error (A/S)

Phase Plane Trajectory with disturbance in Irradiation

2000
0
-2000
-4000
-6000
-0.1

0

0.4
0.1
0.2
0.3
Inductor Current Error (A)

0.5

2000
0
-2000
-4000
-6000
-0.1

0

(a)

0.6

(b)
Phase Plane Trajectory with Change in Temperature

Phase Plane Trajectory with Change in Load
6000

Rate of change of error (A/S)

Rate of change of error (A/S)

0.1 0.2 0.3 0.4
0.5
Inductor Current Error (A)

4000
2000
0
-2000
-4000

4000
2000
0
-2000
-4000
-6000

-6000
0

0.2
0.4
0.6
Inductor Current Error (A)

0.8

1

(c)

0

0.2
0.4
0.6
Inductor Current Error (A)

0.8

1

(d)

Figure 10. Phase plane trajectory plot between inductor current error and rate of change of error (a) with disturbance in irradiation,
(b) without any disturbances, (c) with disturbances in load and (d) with disturbance in temperature.

towards the sliding surface (S ¼ il actual  il ref ¼ 0) for
all the disturbance conditions in irradiation, temperature
and load, which verifies the reaching mode. Confinement
within the sliding surface is verified using the plot of rate of
change of inductor reference current as shown in figure 11,
which shows that the compliance of Eq. (22) is necessary

for local stability. In figure 11, the rate of change of
inductor reference current is out of the boundary defined by
Eq. (22) initially for a short period of time. This corresponds to the reaching mode of operation, after which it
reaches zero, signalling steady state. This is followed by a
sudden fall at 0.05 s due to disturbance in load, but still
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Confinement of Rate of Rise of Inductor Reference Current Within a Boundary to Achieve Local Stability
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Figure 11. Rate of change of inductor reference current confined within a defined boundary complying with the condition for local
surface stability under disturbances in load varying from 150% to rated load at 0.05 s.

Figure 12. Step response of the boost converter for input PV voltage: (a) VPV = 190 V and (b) VPV =292 V.

confining within its prescribed limits. Therefore the cascaded PI–SMC controller sustains stable operation for all
kind of disturbances.

5. Hardware implementation and field test
validation
This section presents the real-time field test results and
performance analysis of the proposed controller. The proposed cascaded PI–SMC controller is implemented using a
microcontroller TMS320F28027. A field test is conducted
on this controller with a stand-alone PV-array-fed boost
converter feeding a resistive load. Weather sensors for
monitoring irradiation incident on the module and module
temperatures were used along with voltage and current
sensors. A data logger is used to monitor these data over a

period of time. The step response of the boost converter for
the two extremes of the PV voltage considered for the
controller design (VPV_min = 200 V and VPV_max = 300 V)
is shown in figure 12a and b, respectively. Also the
response of the boost converter for abrupt fall and rise in
PV voltage is shown in figure 13a and b, respectively. In
order to verify the performance of the controller under realtime conditions, the PV voltage, output voltage and load
current along with module irradiation and temperature were
monitored and data-logged continuously for a period of
10 min. This duration witnessed appreciable changes in
irradiation due to passing of clouds as well as a slight
change in temperature. A pyranometer is used, which is
installed in the same inclination as the PV module to get the
module irradiance along with a temperature sensor, which
is installed beneath the PV module, as shown in figure 14.
The response of the boost converter for change in
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Figure 13. Response of the boost converter for disturbances in input PV voltage due to change in load/irradiation: (a) fall in PV voltage
and (b) rise in PV voltage.

Figure 14. Output voltage response of the PV-fed boost converter captured over a period of 10 min under disturbances in input PV
voltage due to change in irradiation, temperature and load.

same duration as shown in figure 16. The entire hardware
set-up is shown in figure 17. It can be observed from the
field test results that the output voltage of the boost converter is well regulated using the proposed controller under
all kinds of disturbances. Also the results coincide well
with the simulation results.

6. Conclusion

Figure 15. Output voltage response of the PV-fed boost converter captured over a period of 10 min under disturbances in input
PV voltage due to change in irradiation, temperature and load.

irradiation, temperature and load is shown in figure 15. The
data points of waveforms shown in figure 15 are captured
and plotted along with the weather data captured for the

A new technique based on EF concept has been developed
for the first time, for feedback controller design, and a
multi-loop control of dc–dc boost converter and dc–dc
buck-boost converter for an off-grid PV application is
presented in this paper. The generalized transfer function of
dc–dc converter based on EF and time constant concept has
been utilized for the design of the PI regulator. Analytical
expressions have been presented for the selection of controller gains. Theoretical and simulation results along with
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Figure 16. Output voltage response of the PV-fed boost converter captured over a period of 10 min under disturbances in input PV
voltage due to change in irradiation, temperature and load. Waveforms are plotted using real-time data of irradiation; temperature,
voltage and current are captured using weather, voltage and current sensors with a data logger.

Figure 17. Hardware set-up of the boost converter with voltage regulation controller. 1. Boost converter power circuit, 2. proposed
controller implemented in hardware, 3. power capacitor, 4. current-sensing probe, 5. Hall-effect voltage and current sensors, 6.
TMS320F28027 microcontroller and 7. PWM interface circuit.

the stability analysis and performance analysis are presented to verify and validate the new methodology. The
illustrative example of the proposed controller design based

on the EF model, along with the simulation results, shows
the appreciable dynamic performance of PV-array-fed
boost converter for all kinds of disturbances with negligible

Cascaded PI-sliding mode controller for dc–dc converters
overshoot and steady-state error. Also, the hardware
implementation and real-time performance analysis based
on field test results shows that the output voltage is well
regulated under all kinds of weather and load disturbances.
The field test results validate that the controller is capable
of regulating the output voltage of the boost converter fed
by a PV array, which has nonlinear characteristics, unlike a
normal dc source. Hence this proposed controller could be
considered as an attractive solution for renewable energy
applications like PV- or fuel-cell-fed dc–dc converter,
where the variations are stochastic in nature. In particular,
the proposed work could be used for any off-grid power
generation system based on renewable sources in a batteryless-mode operation. This method could be used for the
voltage regulator design of other dc–dc converters also.
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