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Abstract

In order to ensure that photovoltaic (PV) systems work at the maximum power point (MPP) and maximize the economic
benefits, maximum power point tracking (MPPT) techniques are normally applied to these systems. One of the most widely
applied MPPT methods is the incremental conductance (INC) method. However, the choice of the step size still remains
controversial. This paper presents an improved variable step size INC MPPT algorithm that uses four different step sizes. This
method has the advantages of INC but with the ability to validly adjust the step size to adapt to changes of the PV’s power curve.
The presented algorithm also simultaneously achieves increased rapidity and accuracy when compared with the conventional
fixed step size INC MPPT algorithm. In addition, the theoretical derivation and specific applications of the proposed algorithm

are presented here. This method is validated by simulation and experimental results.
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I. INTRODUCTION

The environmentally friendly and efficient utilization of
nature’s resource has been widely studied because of the
increasing seriousness of the global energy crisis and
environment pollution. The photovoltaic (PV) system, as a
newly arisen approach to energy utilization, possesses the
following advantages: it is a renewable, pollution-free,
abundant resource. However, a PV array’s output power
changes with the weather conditions (temperature and solar
irradiation). Therefore, a maximum power point tracking
(MPPT) technique is usually implemented to adjust a PV
array to output the maximum power.

In recent years, various techniques have been developed

for realizing maximum power point tracking (MPPT) [1]-[13].

These MPPT techniques can be divided into four types:
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methods based on mathematical models; methods based on
output control; methods based on intelligent algorithms; and
methods based on disturbance optimization [14].

Fractional open-circuit voltage and short-circuit current [1],
[2] methods belong to the first type of method. They provide
a simple and effective approach to make the PV system work
at the maximum power point (MPP). However, the PV array
must be periodically disconnected or short circuited in order
to get the open-circuit voltage or short-circuit current as a
reference. Therefore, this kind of method increases the power
loss and the measured operating points are not the actual
maximum power points.

The second type of method includes the output parameters
feedback control [3], the DC bus voltage step-down control
[4] and the limit cycle control method [5]. The output
parameters feedback control method only measures one of
the load current and voltage to achieve the maximum power
point tracking, and can be simply implemented. However, it
is not a real MPPT method. Measurement of the PV array’s
output parameters is not needed for DC bus voltage step-
down control or limit cycle control methods. However, the
dynamic performance and steady state oscillations of the
MPPT method rely a lot on the design of the circuit

© 2015 KIPE



488 Journal of Power Electronics, Vol. 15, No. 2, March 2015

parameters, and this is a very complicated process.

As for the third type of method, the fuzzy logic control [6],
sliding-mode control [7] and neural-network control [8]
methods are commonly applied due to their ability to handle
non-linearity. Among these methods, the MPPT fuzzy logic
controllers have a satisfactory performance under varying
environmental conditions. However their effectiveness
depends greatly on the experience of the engineer in
determining the division of the fuzzy field and the rule base
table. The neural-network algorithm has to be specially
trained for each kind of PV array to create the control rules,
which limits its versatility. Sliding-mode control can improve
the dynamic performance greatly, but it is too complicated for
practical use.

The fourth type of method is based on the disturbance
optimization, and includes “hill climbing” [9], “perturb and
observe” (P&O) [10] and incremental conductance (INC)
[11]-[17] algorithms. “Hill climbing” and P&O methods are
widely applied in PV systems because of their simple
realization. The perturbations of the hill climbing and P&O
algorithms are the power converter’s duty ratio and the PV
array’s voltage, respectively. Nevertheless, contradictions
appear in choosing the perturbation parameter (duty cycle
and reference voltage) in both methods. A larger parameter
helps to realize faster dynamics, but leads to steady state
oscillations that result in a low efficiency. On the other hand,
a smaller parameter reduces the response speed under quickly
changing conditions. A common characteristic of the INC
MPPT methods is that the slope of the PV array power versus
the voltage curve changes to zero at the MPP. These methods
usually adopt a fixed iteration step size to satisfy the demands
of the response speed and the oscillation of the steady state of
the MPPT. Hence, it is necessary to design a satisfactory step
size to achieve a tradeoff between the steady state oscillations
and dynamics [17]. This dilemma can be settled with the
variable step size MPPT method. With a variable step size
method, a fast dynamic response and stable output can be
obtained simultaneously. However, a proportionality factor is
always introduced to ensure the convergence of the MPPT
algorithm, and once the proportionality factor is chosen, it
cannot be changed in the tracking progress. Therefore, the
choice of a constant value is very important to achieve a good
dynamic and stable state performance. A poor choice of the
constant value results in severe steady state oscillations or a
very slow dynamic response speed, which increases the
power loss of the PV system [13].

Recently, some methods have been presented to solve the
above problem. [18] proposes a method to change the scaling
factor. The scaling factor is larger at the beginning than
during the stable time. At the same time, when the conditions
change, its response is slow with a small scaling factor. [19]
presents a criterion to make the step size smaller at the MPP.
However, to fulfill the algorithm, the voltage value of the
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Fig. 1. Equivalent circuit of a PV module. -
MPP must be calculated, which results in heavy

computational loads. [20] presents a method to remove the
AV for the criterion. When compared to the traditional INC
method, this makes the tracking process faster and decreases
the transient power loss. However, it is difficult to balance
the scaling factors between the start-up process and the
steady state.

To solve these problems, an improved variable step size
INC MPPT method is presented in this paper. This method
has the advantages of INC but with the ability to validly
adjust the step size to adapt to changes in the PV’s power
curve. Furthermore, the relationship between the two fixed
step sizes that operate on the two sides of the MPP is
provided to make the choice of a step size much easier. The
proposed method does not require the constant value
mentioned previously and only uses a simple algorithm to
ameliorate simultaneously the steady state performance and
the dynamic performance.

The structure of paper is as follow: section II presents a
single-diode model for the PV cell, as well as an illustration
of both the conventional variable step size MPPT algorithm
and the proposed algorithm. To verify the validity of the
proposed method, some simulation and experiment results are
shown in section III and section IV, respectively. The main
results are summarized in the conclusion.

11. PHOTOVOLTAIC CELL MODEL AND MPPT
A. PV Cell Model

Generally, a PV cell is modeled as a current source
shunted with a diode. Its equivalent circuit [16] is shown in
Fig. 1 and the I-V characteristic of a PV cell is given by the
following equation [9]:

q V+IR D
I=1,-1qexp[——V +IR)]-1;— s
ph s{ p[AkT( c)] } »
where:
T qE, 1 1 2
I =1, (— £ (=
s W(Tmf) exp[ Tk (Tmf T)]
1, =, +K,(T-25)]1/100 3)
1 is the output current of the PV module;

vV is the output voltage;

Ly, is the generated current under a given isolation;
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I is the cell reverse saturation current that depends
mainly on the temperature;

is the charge of an electron;

is the Boltzmann’s constant;

is the ideality factor for a P-N junction;

N N R

is the cell temperature (‘C);

R, is the intrinsic series resistance of the PV module;
Ry,  is the shunt resistance;

L,,r is the cell reverse saturation current at T,

E, s the band gap for silicon;

Lers s the short circuit current at 25°C and 1000 Wim?,
K; is the short circuit current temperature coefficient;
A is the solar irradiation in W/m’.

The output power of the PV module is given by P=V*[.

B. Variable Step Size INC MPPT Algorithm

Generally, the INC MPPT method adopts a fixed step size.
A larger parameter helps to realize faster dynamics, but leads
to steady state oscillations and low efficiency. On the other
hand, a smaller parameter reduces the response speed in
quickly changing conditions. Hence, it is necessary to design
a satisfactory step size for a tradeoff between steady state
oscillations and dynamics [17]. This dilemma can be settled
with the variable step size MPPT method. The fixed step size
is replaced by the derivative of the power to voltage (dP/dV)
to achieve fast dynamic tracking and small steady state
oscillation, because the value of the derivative will become
zero when the system arrives at the MPP. A proportionality
factor N is introduced to ensure the convergence of the MPPT
algorithm in [21], as bellow:

dP

7‘:D(k_])i]\/*w
dv

Vik)-Vik-1)
n [22], the slope of the P-D curve is used to realize the
variable step size.

D(k)=D(k - 1)+ N * “

D(k)=D(k-1)+ N (%)

AD is the step variety of the duty cycle in a sampling
period. According to (4) and (5), the choice of proportionality
factor N greatly impacts the efficiency of the PV system.
Therefore, the constant value N must be chosen carefully. A
simple method is proposed in [12] to ascertain the
proportionality factor when the system approaches the steady
state. The following inequality must be obeyed to assure the
convergence of the MPPT methods:
dpP

<AD (6)
dv -

N*

Where AD,,,, is the largest step size for a fixed step size
MPPT method and the upper limitation for the variable step
size INC MPPT method. Hence, the proportionality factor
can be determined as:

dP

dv

N<AD__/ @)

max

Sixed ,step=AD

Power and dp/dv (p.u.)

0.4 06
Voltage (p.u.)

Fig. 2. Curves of power and its slope.

The variable step size keeps the fixed step size AD,,,. once
equation (7) cannot be satisfied. It is simple to ascertain the
proportionality factor by equation (7).

However, [13] and [24] note that the proportionality factor
N cannot be changed in the tracking progress once it is
chosen. In addition, when the irradiation or temperature
conditions change greatly, this simple method cannot provide
an effective fixed proportionality factor for the MPPT.
According to Fig. 2, power P; is much larger than power P,
(P>>P;), and N is obtained from (7). The proportionality
factor N almost cannot make the variable step size¢ MPPT
algorithm work in the area of the variable step size for the P;
curve. This causes severe steady state oscillations and
increases the power loss. On the other hand, the same
proportionality factor N always makes the PV system operate
within the variable step-size area for the P, curve. This
decreases the dynamic response speed and the overall output
power.

In [13], the step size modes of the INR MPPT are
switched by a threshold function. Its equation is as follows:

C=P*|dP/dl| (®)

The product (C) curve has two extreme points at the two
sides of the MPP. When the operating point is between the
two extreme points, the MPPT algorithm works in the
variable step-size mode with a variable proportionality factor

of |dP/dI|/« /1+|dP/dI|2 . Otherwise, it works in the fixed

step size mode. Although this method can ameliorate the
steady-state performance and dynamic response speed, it
generates fairly heavy computational loads due to too many
derivatives, such as the computational process of the two
extreme points and the proportionality factor. There still
exists a strong non-linearity in the expression of the
proportionality factor and the threshold function C, because
the P/I derivative term shows a higher non-linearity than the
P/V derivative term [17]. In addition, [25] points out that the
occurrence of irradiance drops might lead to a failure of the
configurations based on the direct regulation of the PV
current.
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Fig. 3. PV power, the product of voltage and the slope of power
versus voltage

C. Improved MPPT Algorithm

An improved variable step size MPPT algorithm is
presented to ameliorate the steady-state performance and the
dynamic response speed. The improved algorithm proposes a
special threshold function (M), which is a product of the
output voltage (V) and the absolute value of the PV array

power derivative (|dP /d V| ).
M =V *|dP/dV| ©)

Fig. 3 shows the curves of threshold function (M) and
output power (P) versus the voltage (V).

The operational mode of the INC MPPT is shifted by the
left dividing point (LDP) and the right dividing point (RDP).
As shown in Fig.3, the product curve has a left dividing point
corresponding to the voltage value (V) at the left side of the
MPP and a right dividing point corresponding to the voltage
value (V) at the right side of the MPP. When the PV array
operational point is between the LDP and the RDP, the INC
MPPT runs in the variable step size mode. Otherwise, it
works in the fixed step size mode. This process can be

expressed as:

~ AM/AV>0, fixed step size mode
(left of the LDP);
AMJAV<0, variable step size mode
< (between the LDP and the MPP);
P-M>0, variable step size mode
(between the MPP and the RDP);
P-M<0, fixed step size mode
\_ (right of the RDP).

(10)

Where AM/AV is the increment of the threshold function.
Two maximum step sizes d; and d, are initially determined

for the fixed step size mode. d; works in the left side of the
LDP while d, works in the right side of the RDP. The
relationship between d; and d, can be expressed as:

i = L (11)

d2 I/oc - Vm
Where V,, and V,, are the PV array voltages corresponding
to the MPP and the open circuit voltage, respectively. When

the irradiation or temperature condition changes, the

corrections of V,, and V,. can be obtained as [23]:

V, =V, Inle+b(S—1000)]-[1-c(T-25)]  (12)
V, =V, - Inle+b(S=1000)]-[1-c(T-25)]  (13)

Where V,,, and V,.,, are the PV array voltages
corresponding to the MPP and the open circuit voltage,
respectively, under the standard testing conditions (sunlight

intensity S=1000W/m’, PV cell temperature 7=25°C), where
T is the temperature of the PV array, S is the irradiation, b and
c are the irradiation and temperature coefficients, and e is the
nature base.

From the expressions (11)-(13), it is easy to deduce that:

d Vg (14)
dz Voerq/’ - Vwe/

The ratio of d, versus d; is a constant once the values of V.,
and V., are determined, and both of them can be obtained
from the PV array manufacturer. Therefore, expression (14)
reflects the relationship between d; and d, regardless of
changes in the temperature and irradiation.

A control flowchart of the improved MPPT algorithm is
represented in Fig.4. It illustrates the details of the decision
process. As shown in Fig.4, the proposed MPPT method is
based on the conventional INC MPPT method with step size
variation.

In [9], the control signal of the converter duty cycle is
directly determined by the PV output power [9]. Note that
V(k), I(k) and M(k) are the PV array output voltage, current
and the proposed threshold function (M) at time Kk,
respectively. In addition, D(k) and AD(k) are the converter
duty cycle and its change (step size) at time k.

To ensure the convergence of the MPPT method, [12]
adopts a scaling factor. However, it uses a constant value and
produces a dead band. [13] introduces a proportionality factor

of |aP/ d1|/ /1+|dp /g[1|2 to determine the variable step size.

However, it results in a heavy computational load. To solve
those problems, this paper presents an improved and simple
MPPT method for its convergence and effectiveness. When
the PV array output voltage is between V; and ¥, the value of
the function M/P meets the following inequality:
0<M/P<1 (15)
When the MPP is reached, the value of M/P is equal to
zero. The inequality can also be deduced as follows:

(1) At the left side of the MPP, M =V *|dP /dV| >0, the

proportionality factor N is defined as:
NZMZV*|dP/dV|:dP/dV:Hz*ﬂ (16)
P P 1

dl/dV<0. As a result, 0<N<I.

(2) At the right side of the MPP, as previously stated, there
exists an equivalent point at ¥, which means that the value of
the threshold function M is equal to the output power P.
When the operating point is between the MPP and the RDP,
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AV(K)=V(K)-V(K-1), AK)=I(K)-I(K-1)
P(K)=V(K)* (K), AP(K)=P(K)-P(K-1)
G=AKK)/AV(K)+I(K)/V(K)
M(K)=U(K)*abs(APK)/ AV(K))
AM(K)=M(K)-M(K-1)

v

A
|AD=d,|

A
| AD=dz*M(K)/P(K)|

| ADzdl*M(K)/P(K)| | AD=d,
, , ! ! | |
D(K)=D(K-1)-AD | |D(K):D(K-1)+AD| | D(K)=D(K-1)+AD | | D(K)=D(K-1)-AD |
A 2 A 4
3 ,I Upadate V(K-1)=V(K),I(K-1)=I(K) I‘ 3

A

A

Return

Fig. 4. Flowchart of the improved MPPT algorithm.
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Fig. 5. The step size of the improved MPPT algorithm.

M is equal or less than P. Therefore, the value range of N can
be expressed as 0<N<I.

(3) At the MPP, the value of the threshold function M is
equal to zero, hence N=0.

With d; and d, chosen as fixed step sizes (they are also the
upper limitations for the MPPT algorithm), the variable step
size can be determined by the following equation:

S(k)zm*d k=0,1,2---- a7
P(k)
Where S(k), M(k) and P(k) are the variable step size, the

value of the threshold function (M), and the PV array output
power at time &, respectively. The fixed step size d is defined
as:

(18)

d, 0y <y,
d =
d, v, SV<V,

Fig. 5 shows the step size of the proposed algorithm. For
the left side of the LDP and the right side of the RDP, the
system works in the fixed step size mode. When the operating
point is between the LDP and the RDP, the system works in
the variable step size mode. When the operational point
closes to the MPP, the step size will decrease to zero.

III. SIMULATION ANALYSIS

Fig. 6 shows a simulation model of the PV system, which
is developed in Matlab/Simulink for algorithm validation. A
silicon PV module is presented for the PV array model in the
simulation, and the parameters of the PV module are listed in
Table I. To realize the MPPT algorithm and the power
interface between the load and the PV array, a boost
converter is presented. The parameters of the boost converter
are listed in Table II.



492 Journal of Power Electronics, Vol. 15, No. 2, March 2015

TABLEI TABLEII
PARAMETERS OF THE PV MODULE PARAMETERS OF THE BOOST CONVERTER
Open voltage 442V L ImH
Short current 5.2A Ci, 165uF
Voltage (MPP) 35.7V C, 2500uF
Current (MPP) 4.95A Switching frequency 20kHz
Rated power 177W
TABLE III
COMPARISON OF THE TRACKING PERFORMANCE RESULTS
Method Parameters Average Power Tracking time with irradiation step change
at 1000W/m’ 1000 to 300W/m” 300 to 1000W/m”
Fixed d=0.001 174.95W 57ms 64ms
step size d=0.004 173.43W 11.2ms 17ms
d,=0.004
Variable d,=0.004 175.14W 16.5ms 18ms
step size d;=0.0168
4,=0.004 175.01W 15.7ms 6.7ms
i L b becomes very small. Hence, the output powers of the PV
[TTT]]T]] 2820 St o
Bt array are above 175.01W and the oscillations at the steady
oA L state are decreased.
Chiss f—-l AN = S In addition, when compared with the dynamic
- : } performance of a fixed step size of 0.001, the improved
LT ] P : v T algorithm has a better performance. In addition, the improved
PWM

MPPT |
Algorithm

Fig. 6. PV system.

The simulations are conducted under the same conditions
to verify the effectiveness and feasibility of the improved
method. Fig. 7(a)-(d) exhibit the output performance of the
fixed step size INC MPPT under the conditions of step-
changes in the irradiation. The irradiation is suddenly
changed from 1000W/m’ to 300W/m” at 0.10s and it rises up
to 1000W/m” at 0.20s.

For the improved variable step size INC MPPT algorithm,
both of the initial fixed step sizes d; and d, are set as 0.004.
The PV output power and duty cycle are shown in Fig. 8(a)
and 8(b). In addition, Fig. 8(c) and 8(d) illustrate the PV
output power and duty cycle with different initial step sizes
(d;=0.0168 and d,=0.004). This also satisfies expression (12).

Comparative results of the different MPPT algorithms are
summarized in Table III. Fig.7 (a)-(d) show the simulation
results with fixed step sizes of 0.001 and 0.004. It is obvious
that a larger step size contributes to better dynamic
performance and a smaller step size decreases the steady state
oscillations. Specifically, the tracking times of the MPPT
method with a fixed step size of 0.001 are 57ms and 64ms,
which can be decreased greatly with a lager step size.
However, the lager step size results in a lower efficiency. The
PV array average output power with a fixed step size of 0.004
is 173.43W. This rises up to 174.95W with a step size of
0.001. From Fig. 8(a)-(d), it can be seen that the improved
variable step size algorithm has settled the dilemma. When
the operation point approaches the MPP, the step size

algorithm with different initial step sizes in Fig. 8(c) has a
shorter tracking time than the same initial step size algorithm
in Fig. 8(a), while the steady-state oscillations illustrate that
there is almost no difference between two algorithms. The
presented method in this paper can achieve a fast tracking
response and a stable output power simultaneously even
under enormous irradiation change conditions. Thus, it is
more suitable for actual solar-energy power systems in terms
of tracking the MPP.

IV. EXPERIMENTAL RESULTS

Fig. 9 shows the experimental setup. It consists of a
Programmable DC Power Supply with a SAS mode (Chroma
Solar Array Simulator, 62000H series), an oscilloscope
(Agilent Technologies DSO7014B), a DSP controller
(TMS320F28035) and a boost circuit connected to the load.
The 62000H series simulator provides a unique feature in that
it can simulate the output characteristics and test the MPPT
performance evaluation of a solar array via softpanel. When
the improved INC method is written in C language and
compiled by an CSS compiler from TI, the program is
downloaded into  the  digital signal  processor
(TMS320F28035) to realize the MPPT method.

Fig. 10 shows a start-up process comparison between the
traditional method and the improved method. The time scale
in the waveform is 2s/div. Fig. 10(a) shows the start-up
process of the traditional method, which takes 2.84s to reach
the MPP. However, Fig. 10(b) shows the start-up process of
the improved method, which takes 2.38s to reach the MPP.
That is 0.46s faster than the traditional method.
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Fig. 8. Improved MPPT algorithm. (a) PV array output power
with d;=d,=0.004. (b) Duty cycle (step size) with d;=d,=0.004.
(c) PV array output power with d;=0.0168, d,=0.004. (d) Duty
cycle (step size) with d;=0.0168, d,=0.004.
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Fig. 9. Photo of the experimental setup.

TABLEIV
PARAMETERS OF THE PV MODULE
Open voltage 320.8V
Short current 0.901A
Voltage (MPP) 250V
Current (MPP) 0.8A
Rated power 200W

V (200V/div)

1 (2A/div) Bl e e
-

(400W/div)

Time (2s/div)
(a)

\V (200V/div) |

—

I QAldlY) | T

(400W/5)

Time (2s/div)
(b)

Fig. 10. The start-up process. (a) The traditional method. (b) The

improved method.

The parameters of the PV module are given in Table IV.

In order to stimulate variations in the irradiation, the
experiment changes the number of PV cells in parallel by
setting the solar array simulator. Fig. 11 shows the rise-up
situation of the PV power. The number of PV cells changes
from 6 to 15, meaning that the power changes from 1200w to
3000w. Fig. 11(a) describes the situation of a sudden increase
in the irradiation using the traditional method. It takes 3.92s
to reach the MPP. The steady-state power changes from

V 00Vidiv)

/
¥ T (10A/div) |

(2kW/div)

Time (1s/div)
(a)

V (200VAdiv)
NS S ARSI NN S A—
~— e ]

» 1 (10A/div) 1

L

(2kW/div)

Time (1s/div)

(b)

Fig. 11. The rise-up situation. (a) The traditional method. (b) The
improved method.
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(2kW/div)

AX = 1.4286Hz
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Fig. 12. The decreasing situation. (a) The traditional method. (b)
The improved method.
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1159w to 2925w, which means that the MPPT efficiency
changes from 96.6% to 97.5%. Fig. 11(b) illustrates the
changing situation using the improved method. This takes
0.79s, which is a lot faster than the traditional method. The
steady-state power changes from 1186w to 2974w, which
means the MPPT efficiency changes from 98.8% to 99.1%.

Fig. 12 shows the decreasing situation of the PV power.
The number of PV cells changes from 6 to 2, meaning that
the power changes from 1200w to 600w. Fig.12 (a) describes
the situation of a sudden decrease in the irradiation using the
traditional method. It takes 1.00s to reach the MPP. The
steady-state power changes from 1159w to 583w, which
means that the MPPT efficiency changes from 96.6% to
97.1%. Fig. 12(b) exhibits the changing situation using the
improved method. It takes 0.70s, which is 0.3s faster than the
traditional method. The steady-state power changes from
1186w to 591w, which means that the MPPT efficiency
changes from 98.8% to 98.5%.

Fig. 13 demonstrates the response situation of the
improved method. The power change path is 400W-2400W-
2000W-1400W-1000W-400W. The response times of the five
changing moments are 578ms-296ms-500ms-394ms-644ms,
proving the effectivity of the improved method. The
experimental results confirm both the good tracking
performance and the stable output power.

V. CONCLUSION

This paper presents an improved variable step size INC
MPPT algorithm, which has the advantages of traditional
INC but with the ability to validly adjust the step size to
adapt to changes in the PV’s power curve. It enables both the
dynamic response speed and the steady state oscillation to be
satisfactory. The proposed method only uses a simple
algorithm with a light computation load to realize the
tracking of the MPP. Thus, it can be easily realized with a
digital signal processor (DSP). This paper also discusses the
design scheme in great detail and presents a quite simple but
effective realization rule for the fixed step sizes. The fixed
step size algorithm and the improved variable step size
algorithm are simulated in Matlab/Simulink under the same

conditions. In addition, hardware experiments are conducted
with a DSP (TMS320F28035). The effectiveness and
feasibility of the improved algorithm are validated by the
simulation and experimental results.
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