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Abstract: Maximum Power Point Tracking (MPPT) is employed in Photovoltaic (PV) power systems to improve the
power delivering capability under varying irradiation and temperature conditions. Incremental Conductance (INC)
MPPT algorithm is highly robust to variations in solar irradiance and is widely used due to its fast tracking speed
and low cost implementation .This paper intends to emphasize the stability of INC MPPT when the PV system is
subjected to environmental and load variations .The stability analysis is carried out by framing small signal model
and root locus plots for INC MPPT and thereby optimizing the perturbation size involved in INC algorithm to achieve
improvement in tracking speed, dynamic performance and aids the system to remain robust. The study is extended
for various loads such as resistor, battery, dc motor and the system robustness is tested.

Keywords: DC Motor, Incremental Conductance (INC), MPPT (Maximum Power Point Tracking), Small Signal
Model, SPVG (Solar Photovoltaic generation), Root Locus Technique.

1. INTRODUCTION

In developing countries like India, the prime focus of development is the power sector [1]. The extinguishing
of the non- conventional sources of energy opens door for renewable energy sources such as solar, hydro, fuel
cells, wind etc. [2]. Out of all the renewable energy sources, solar stands out to be the most prominent of all for
holding the least environmental footprint [3]. The economic viability and ease in installation of SPVG (Solar
Photovoltaic Generation) increases its prominence. MPPT (Maximum Power Point Tracking) techniques play
a vital role in any PV structures to make sure that power delivery is optimized when there are variations in
sun’s irradiation level and ambient temperature. This optimization of power is possible through a de-dc power
conditioner controlled by MPPT controller. The control pulses from INC MPPT are fed to the DC-DC converter
and the converter boosts or bucks the panel voltage to an appropriate voltage level where maximum power can
be rendered. Two prominent MPPT techniques called Perturb and Observe (P&O), Incremental conductance
(INC) are widely practiced [4-6]. INC MPPT is preferred over P&O MPPT due to lesser oscillations around the
maximum power point and ease of selection of the perturbation size [7].

International Journal of Control Theory and Applications



B. Sai Pranahita, R. Sridhar and A. Pradyush Babu

Though there are numerous papers [8] on various MPPT techniques that have been archived in the research
arena, not many papers have been noticed in optimizing the perturbation size. The optimization of the perturbation
size increases the tracking speed, accuracy and dynamic performance of the system [9].

In this work, incremental conductance aided MPPT technique is made to undergo state space analysis which
enables assessment of the system robustness to different parameters. The parameters affecting the performance
of SPVG are variations in temperature (T), variations in irradiation (G) and duty cycle via INC MPPT control.
To study the effect of irradiation and temperature, step changes of G and T have been introduced. To decide the
perturbation size of INC MPPT, mathematical analysis is to be performed. The PV system is linearized around
the MPP to a straight line. A small signal model has been developed for the overall PV system under different
load conditions. The loads used for study are R-load, Battery, and DC motor. Closed loop small signal models
and open loop transfer functions have been designed for system with PV panel, DC-DC converters and load. The
dynamic performance and optimization of perturbation size is performed, using root locus technique.

The paper is organized in such a manner that section II describes on small signal modeling of INC mppt
method. The impact of irradiation and temperature change on the stability of the system is dealt in section III.
Section IV presents the effect of duty cycle variations in MPPT methodology on system stability. Also the
perturbation size of the MPPT control signal is optimized for three different load conditions namely resistive,
battery and DC motor. The conclusive remarks are given in section V.

1.1. Small Signal Modelling of Incremental Conductance MPPT

The block diagram of the proposed system is given in Figure 1.
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Figure 1: Block Diagram of PV Fed INC MPPT System

The characteristics of the photovoltaic cell can be studied thoroughly by evaluating the I-V characteristics
and PV characteristics of the cell. The specifications of the PV panel used for evaluating the system are noted
in Table 1. The P-V and I-V characteristics of the PV Panel are given in Figure 2.

Table 1
Specifications of PV Panel of 5S1W
Parameter Specification
Poax S1W
Ve 21.2V
I 3.25A
Vinp 17V
Lp 3.01A
R 5.67Q
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A single PV cell is related to a current source placed parallel to a diode. The PV Panel has been modelled
by using the equations [1-3].

The net current output from a cell is given by

qg(V+IR))
I=1,-I,e ™ -1 (1)

Photon generated current is given as

G

Ipv(Tl) = Isc (Tl, nom) G— (2)

nom

Diode Saturation Current at a given temperature
qv,(T)
. nk(i _L)
n
=1, (Tl)x[?] e (U 3)
1

where, L,, = photo voltaic current

I, = saturation current of the diode

g = electron charge in coulombs
=1.602x 107°C

K = Boltzmann constant
=1.380 x 107 J/K

a = diode ideality factor

T = Temperature in kelvin

G = surface irradiance of cell (W/m?)

G, = 1000 W/m?

Irradiance under STC

INC MPPT was established on the basis that maximum power occurs on the PV curve where the slope is
zero. The slope is positive on the left of MPP and negative on the right side of MPP.

PV Characteristics-51W Panel
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Figure 2: PV Characteristics of PV Panel
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The INC MPPT [4-5] can be explained mathematically as in equations [4-8]

ar 0 at MPP

dVv

ap > 0 on left side of MPP 4
dVv

P
ar < 0 on right side of MPP
dVv

The Conductance can be further calculated as:

d_P:—d(VXI):I+Vx£:O (5)
dVv dVv dVv

Thus, ﬁ = _—I at MPP
dv 'V
At > -1 On left of MPP (6)
dVv A\
dl -1

—— < — On right of MPP
dv VvV

As the MPP is reached, the PV panel is operated at this point and is perturbed only if any change in current

1s obtained due to a variation in Irradiation.

The error value is taken as

dv A%
=i, "1, @
pv pv

Thus the MPP is updated by perturbing the duty cycle as follows:
D(n)=D(mn—-1)+Mxe(n) fore>0
D(n)=D(m—1)fore=0 (8)
D(n)=D(n—1)—M x e (n) fore<0

“e” is the error and “M” is the perturbation size. To optimize the perturbation size and decide on an optimum
value of M to ensure smooth tracking and achieve good dynamic performance, a small signal model is developed
while linearizing the system around the MPP from equation [7].

Taylor series expansion is employed on equation [7] is employed for linearizing the system around the
MPP.

de(V,,, 1) de(V,,,1,)
e=e(Vm»Im)+#(va_Vm)+#(1pv_1m)+u. (9)

By neglecting the higher order terms and performing further calculations;

R A\
e= —Rm—[l—m‘i'ITm}Ipv (10)
m m
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Therefore, the linearized average error will be

N Rm Vm N
e=—|=m 4 m|j (11)
[Im L, } !
IpV A
N
R, ~
~
(Vi T)
N
~N
~
~N
~
~N
\-
Linearized line

v

pv

Figure 3: Linearizing around MPP

By retaining only the linear term in equation [10], the linearized error is given in equation [12].

2
m m

R, V,
e=2R, —L—"w—'"} L, (12)

The process of linearizing is done graphically by changing a line tangential to the I-V curve as in Figure 3.
The line has a slope of (V,,, I,,) and passes through the maximum power point (V,,, L) . The linearized line
equation is in equation [13]

V,, =(V, +I, xR, )-1, xR, =2V, -1, xR, (13)

Thus the linearized error is derived as;

R
Ae=—[l—m+VT’”} Ai, (14)

1.3. Impact of Changes in Irradiation and Temperature

1.3.1. Impact of variations in Irdiancrae

The output power and its calculation depends upon whether there is a small change in irradiation, a sudden large
increase/decrease in irradiance [11]. The current shows a significant change due to any changes in the irradiance
value. Thus the MPP is also deterred. The irradiance profile is shown in Figure 4. The proportionate variation
of output power is shown in Figure 5.

It can be noticed that the system is robust and the maximum power is tracked in according with
irradiance.
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Figure 4: Variations in Irradiance Figure 5: Variations in Power

1.3.2. Impact of Variations in Temperature

The output power and its calculation depends upon whether there is a small change in temperature, a sudden
large increase/decrease in temperature [11]. The temperature profile is shown in Figure 6. The proportionate
variation of output power is shown in Figure 7.

It can be noticed that, the system is robust and maximum power is tracked in accordance with the changes
in temperature.
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Figure 6: Variations in Temperature Figure 7: Variations in Power

1.4. Effect of Duty Cycle from MPPT Control

To analyze the effect of duty cycle from MPPT control, it is very important to find the small signal model and
their corresponding transfer functions [12].
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Load

Figure 8: Circuit Diagram of Boost Converter
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The state variables are (i) Output Voltage (V,), (ii) Inductor Current (1), (iii) Capacitor Voltage (V,),
(iv) Input Voltage (V,), (v) Duty Cycle (d). The assumption made is that the Capacitor voltage (V) is equal to

the output voltage (V,). The state equations are derived as follows;

When switch is ON;
L i
e YYY
i i‘
N +
+ ,
Vin T 5 C==V, R% ve
- Load

Figure 9: Circuit diagram during switch-ON condition

The equations when the switch is operating are:

di
L =V
dv, _ -V,
dt R
When the switch is OFF;
L i
Y
T
io
N +
Vi T oL, RS %
- Load

Figure 10: Circuit diagram during switch-OFF condition

The equations when the switch is OFF are:

di
L = Vin - Vo
dt

dv, -V
C % = lL - e
dt R

By averaging the state equations over a switching cycle,

(15)

(16)

(17)

(18)

(19)

(20)
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By Taking Laplace Transform;
sL.ip (s) = v, (s)=(1=D).v,(s)+v, .d(s) (21

(SC + %) v,(s) = 1=-D)ip (s) =1 .d(s) (22)

In Matrix form it can be written as;

, sL 1-p )" sL 1-D
ip () v, ) ~ 1
= 1 .d(s)+ 1 Vi (8)
v,(s) 1I-D —|sC+— I, 1-D —|sC+—|[\0
R R
The control (duty cycle) to output transfer function is given as in equation [24]

v, (s) _ (1-D)v, —(LIy)s (24)
dis) (10)s? +%s +(1-D)

To optimize the perturbation size, it is important that the system is validated under various loads. The loads
considered in the paper are resistor loads, battery loads, DC Motor load.

1.4.1. Case 1: Resistance Load

The transfer function between the converter duty ratio (d) as the controlling input and the PV module voltage
can be written as in equation [25].

1 _(le + 22) (25)
R : 3 2
m P1ST T PyST t P3s+ py

Giy(s)=
where, z;= V,R R, Cyy
z,= I,R, R, (1-D)+V,
pl = RmcinLRLcout
p,=R,C,L+R,LC_,
p3= (1-D)’R;R,,C,

pa=1 R R,1-D)+V,

T o 2 [MO=D g (e,
12 1, sT p153+p2s2+p3s+p4

1 AVpV
R m

Figure 11: Closed Loop implementation with R Load

The closed loop schematic implementation of the PV System with linearized INC MPPT is shown in
Figure 11[13].

The parameters used for calculation of transfer functions are in Table 2.
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Parameters Specifications
C,, 47uF
Cout 47MF
L ImH
fs 30kHz
Ry 40Q
Viat 30V
R, 0.5Q
L, 1.5mH
J 0.00025
B 0.001
K, 0.05
K, 0.05

The characteristic equation of the closed loop transfer function is given as in equation [26]

MXG | =z, Ts> +(z, — z,T)s + z, B

1+ 0 (26)

T 17154"'1’7253 +P352 t Pys
-2R

where, G = 4

m

The open loop transfer function of the system with R-load is given as in equation [27].
375.21(1-0.015)(0.2123s +135.198)
$(4.98%107s> +2.145x107% s> +0.01061s + 135.198)

Root locus technique has been used to assess the stability and also find out the gain value “M”. The root
locus is as shown in Figure 12.

27

Root Locus
o J
| System: sys
3000 1| Gain: 0.0338
! Pole: 18.8 + 961
| Damping: -0.0155
2000 - | Overshoot (%): 106
' Frequency (rad/sec): 951
2 1000} [ s
= \\
2 G
E :
4
E -1000 . .
2000 | Z .
-3000 -
-4000 | : .
_ i

m 1 1 1 1 1 1 1
-12000-10000 -8000 -6000 -4000 2000 © 2000 4000 6000
Real Axis

Figure 12: Root locus for open loop transfer function of system with R-Load
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It can be inferred from the root locus plot in Figure 12 that the system is critically stable for perturbation
size 0 <M < 0.038.

1.4.2. Case 2: Battery Load

The transfer function between the converter duty ratio (d) as the controlling input and the PV module voltage
can be written as in equation [28].

1 -V
G, (s)= —. baItJ (28)
m LCl-ns2 +—s+1
Rm
Al Vo Ry |22 MO=ST) adf o
'{g* U} sT IG5 + L
R,
1] AV,
Figure 13: Closed Loop implementation with Battery Load
The closed loop small signal model of the system with the battery load is given in Figure 13[14].
The characteristic equation is given as in equation [29];
M 1-sT -V
4 MxGU=5T) bt =0 (29)
ST LC, s> +——s+1
Rm
—-2R
where, G = m
Im
The open loop transfer function of the system with Battery load is given as in equation [30].
3000(1-0.01

$(4.98x107s% +1.74x107* s + 1)

Root locus technique has been used to assess the stability and also find out the gain value “M”. The root
locus is as shown in Figure 14.

It can be inferred from the root locus plot in Figure 14 that the system is critically stable for perturbation
size 0 <M < 0.032.

1.4.3. Case 3: DC Motor Load

To carry out analysis, it is very essential to evaluate the small signal model of the DC Motor [15]. The equivalent
circuit of the DC Motor is given as in Figure 15.

Assuming ® to be constant;
T,=K;xi, (31)
where, T,, = Motor Torque

i, = armature current
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Root Locus
5000 : : ‘
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' Pole: 104 = 7260
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S 0 5| /é\
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E :
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Figure 14: Root locus for open loop transfer function of system with Battery-Load

Applying KVL in the equivalent circuit of DC Motor we get;

Fixed
Sield

v C+) Armanire .
- crrenit
i

Figure 15: Equivalent circuit of DC Motor

Roior

A
Av, =AiR, +L, T (32)
dt
By applying Laplace transform and simplifying equation [29], we get equation [33]
Ai,(s) 1

= (33)
Av,(s)-K, xm(s) R, +sL,

Applying the Newton’s second law of motion, the torque balance equation is given as in equation [34]

T :J.dz)t'"+B><(Am)+T, (34)

m

By applying Laplace transform and simplifying equation [34], we get equation [35]
Aw(s) 1

Ky Xi,(s)—T/(s) B+sl
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The closed loop block diagram of the DC Motor can be derived from equation [33,35]as in Figure 16.

TL
vV, 1 ia I T, é 1 o,
R, +sL, ! Js+ B

K,

Figure 16: Closed Loop block diagram of DC Motor load

The closed loop small signal model of dc motor load with the PV system and converter aided MPPT is
given in Figure 17.

The control (duty cycle) to output transfer function of the boost converter is given as in equation [36]
AV(s)  R[V(-D)+sLI]
Ad(s) s’RLC+sL+ (1-D)*R

(36)

Substituting the values of parameters mentioned in Table 2, the transfer function obtained is as in equation [37].

AV(s) _ 3.315x107°
Ad(s)  4.7x107%s% +2.5x107s +0.320356

(37
The open loop transfer function of the PV system with MPPT and the DC Motor load is given in equation
[38]
18.75(1-0.01s) « (3.315x107 5 —16.98)
$(4.7x1078s% +2.5x107 85 +.032035)  (0.5+1.5x107)(0.0001 + 0.000255)

Root locus technique has been used to assess the stability and also find out the gain value “M”. The root
locus is as shown in Figure 18.

(38)

x10 Root Locus
2-5 T T T T T T T
",
\‘\
2+ N E
\‘\ N
L ., | System: sys |
13 ", ! Gain: 0.00195
~, | Pole: -272 + 2.53e+003i
1+ | Damping: 0.104 )
! Overshoot (%) 71.9
E 0.5¢ \ | Freguency (rad/sec): 2.6e+003 R
< N [—
£ oo S,
£ 0
o ]
£ 05 // 5 ]
1 ) e : |
s
151 / .
S/ |
({ 1
2 ! .
// !
25 1 1 1 1 I I I
-1.5 0 -1 0.5 0 0.5 1 1.5 2 25

Real Axis x m“

Figure 18: Root locus for open loop transfer function of system with DC Motor Load
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From the root locus obtained in Figure 18, it can be established that stable operation occurs for the
perturbation size “M” to be 0 <M < 0.043.

The gain value M obtained for various loads are tabulated in Table 3.

m

Table 3
Gain value “M” for various DC loads
Type of Load Value of Gain
R-load 0.038
Battery load 0.032
Dc-motor 0.043
T,
A v R & M(l—ST) Ad I{V(l_D)-'—SH] va A 1 ia K Ta c%g 1 @D,
{E*’U} sT szRLC+sL+(1—D)2R R, +sL, . Js+ B
1 4AVPV— K b
|R

Figure 17: Closed Loop implementation with DC Motor Load

A common value of M for any kind of load needs to be set so that, the programming or MPPT implementation
need not be changed for any change in load for robust performance of the system. From the Table 3 it can be
noted that the optimum value of M for any kind of load is given as in 0 <M < 0.035.

This improves the tracking speed and dynamic performance of the system making it stable. The hardware
prototype of the system is shown in Figure 19.

SOLAR PANEL

DC MOTOR

Figure 19: Hardware model of the system analyzed

2. CONCLUSION

The stability analysis of the INC MPPT integrated to SPVG has been discussed in the paper. The optimum value
of M has been optimized to be 0 <M < 0.035 for any variations in load. Various DC loads have been employed
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for study purpose i.e., R-load, Battery load, DC Motor load. It has been observed that the system is robust to any
changes in temperature and irradiance. The root locus technique has been employed to decide on the appropriate
value of the perturbation size for efficient and dynamic performance of the MPPT system. All the results have
been plotted using MATLAB/Simulink. Further study can be extended to other MPPT Techniques or AC loads
can be included to perform stability analysis.
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