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Abstract— In this paper, PID-based MPPT
controller is designed for offgrid solar photovoltaic
(PV) system. The Ziegler-Nichols (Z-N) Reaction
Curve Tuning Method is employed to obtain the
tuned response, and from that the tuned
performance parameters as well as the optimum
PID gain parameters. The responses of the system
to step, ramp and impulse inputs are then
compared with those of the offgrid solar
photovoltaic (PV) system WITH and WITHOUT the
Perturb-and-Observe (P&O) Maximum Power Point
Tracking (MPPT).
The study shows the superiority the PID-controlled
MPPT system over the P&O MPPT and the nonMPPT systems for all the various signal inputs. In
particular, the simulated response of the PID-based
system to the step input gave the shortest settling
time of 22.7 ms (indicating the fastest system
response) and zero overshoot (representing
minimum losses). The system with P&O MPPT
performance placed second with a settling time of
30 ms and 224 % overshoot. The non-MPPT system
gave the slowest response with a settling time of
38.5 ms.
Keywords—PV system; Maximum Power Point
Tracking (MPPT); Ziegler-Nichols (Z-N) tuning;
Proportional-Integral-Derivative (PID); Perturb-and
Observe (P&O); Photovoltaic (PV)
I.

INTRODUCTION

The world is witnessing energy crisis and rising
environment pollution. In order to solve these
problems, emphasis is being placed on clean, nonpolluting renewable sources of energy. Photovoltaic
energy is of great importance in this regard as it is
clean, inexhaustible and widely available.
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The use of PV technology has several challenges.
One such challenge is that it does not provide a
constant energy source because its output power
changes with temperature and insolation level. Thus it
becomes difficult to extract the maximum available
power from pv modules [1]. To overcome this challenge
a Maximum Power Point Tracker (MPPT) is used.
Most of the existing conventional MPPT algorithms
(like the P&O control algorithm) are unable to achieve
optimum power tracking and even when they do, take
a long time to do so. This has therefore necessitated
the use of an improved or hybridized MPPT control
algorithm to achieve better PV output performance.
The PID-controlled MPPT algorithm is one such
improved control algorithm. The biggest problem of
using the PID controller is tuning its parameters to
achieve optimum performance [4]. Many techniques
have been proposed in the literature to achieve the best
tuning [5-8].
Very good performance parameters such as
overshoot, settling time, rise time and steady-state
offset have been recorded with hybrid artificialintelligence (AI) based systems. However, their
implementation has not been very easy because of the
complexity of the processes and the high computations
involved. There is therefore the need for a trade-off or
compromise between accuracy of results and simplicity
of the computational process.
In this paper, a suitable compromise has been
proposed using the PID control strategy. For the tuning
of the PID, the Ziegler-Nichols Tuning Method with the
Reaction Curve was employed. The proposed method
offers a number of merits. Firstly, the Z-N tuning
method is a tried and tested approach that has stood
the test of time. Secondly, it is a much simpler approach
compared to the existing AI-based algorithms which
involved more complex tracking processes. Thirdly,
even though the PID is a linear system, it can be used
to control non-linear systems [4].
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The PID-based P&O MPPT controlled offgrid solar
PV system was modeled and simulated in MATLAB/
SIMULINK. The results showed very good output
performance with PID controller for the various step,
ramp and impulse inputs.

II.

THE OFFGRID SOLAR PV SYSTEM MODEL

A standalone solar PV system basically consists of the
PV array, DC-DC converter and an MPPT control
system. Fig. 1 shows a block diagram of a standalone
PV system with PV modules, MPPT, DC-DC converter
and controller and connected load [9].

Fig. 2. Practical Equivalent PV Cell Model having a single

diode with series and parallel resistances [14, 26]

The shunt resistance

R p accounts for the losses due to

the leakage currents across the p-n junction and within
the cell due to crystal imperfections and impurities,
whilst the series resistance Rs represents the losses
due to the module’s internal series resistance, contacts
and cell interconnections [14].
The fundamental equations that describe the
current-voltage (I-V) characteristic of the PV cell are as
follows:

VD  V  IRs

(1)

  V  
I D  I 0 exp D   1
  a  Vt  
V
I  I Ph  I D  D
Rp

(2)

(3)

or

  V pv  IR s
I  I Ph  I 0 exp 
  a  Vt

  V pv  IR s
  1 

Rp
 
(4)

Fig. 1. Block Diagram of PV System with PV Module, MPPT

Controller, DC-DC Converter [9]

The output current and voltage of the PV module are
used as input parameters for the MPPT controller,
which issues the appropriate command signal to the
DC-DC converter which acts as interface between the
load and module.
A.

Model of PV Module

A PV module consists of many PV cells connected
in parallel to increase the PV current and in series to
provide high output voltage. The equivalent circuit of a
practical PV module is shown in Fig 2 [14, 26], The DC
current IPV, generated by the module depends on solar
irradiance, temperature, and load current.

Where
I 0 is the diode reverse saturation current

I Ph is the photocurrent,
V D is the voltage across the diode,
a is the diode ideality factor which depends on the PV
technology [14].

Vt 

kT
is the thermal voltage
q

(5)

k is Boltzmann’s constant (1.3806503 x10-23J/K),
T is the temperature of the p-n junction in degrees
Kelvin, and
q is electron charge(1.6021764 x10-19C).
For a module composed of
cells, and

Ns

N p parallel connections of

number of PV cells connected in series,

the photovoltaic and saturation currents may be
expressed as [10]:

I Ph(mod ule)  I Ph  N p ;

(6)

I 0(module)  I 0  N p

(7)

The output current of the PV module is given as [10]:
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  (V pv  IRs )   V pv  IRs
  1 
I  N p I Ph  N p I0 exp q 
Ns akT  
Rp
 
(8)
With the current technology in the manufacture of
the PV cell, the leakage current across the p-n junction
is negligible, that is

R p   . Since the shunt

resistance is very large compared to the series
resistance Rs , it can be represented as an open-circuit
[15]. Hence the I-V characteristic equation of a PV
module reduces to

 
(V pv  IR s )  
  1
I  N p I Ph  N p I 0 exp  q 
N s akT  
 

D

ton  D  Ts
toff  (1  D)Ts

(12)

Ts  1/ f s

(14)

(13)

is the duty cycle of the converter, ton and toff are

the on-off times respectively,
period and

Ts

is the switching

f s is the system frequency.

The output voltage is changed by varying the duty
cycle.
The SIMULINK model of the DC-DC converter is shown
in Fig.4.

(9)
The SIMULINK model of the current of Eqn. (9) is
shown in Fig. 3.

Fig. 4. SIMULINK Model of the DC-DC converter

The parameters L and C were determined using the
design equations (15) and (16) [18]

(1  D) 2  D  R
Lmin 
2 fs
DV out
C min 
R  f s  Vr
Vout
Vr 
Vout
Fig. 3. SIMULINK Model of PV output current

B.

(16)

(17)

Lmin is the minimum inductance, D is the duty cycle,
R is the output resistance, f s is the switching
frequency, C min is minimum capacitance and V r is the

DC-DC Converter Model

The three main types of DC-DC converters used are
the Buck Converter, the Boost Converter and Buck
Boost Converter [17]. In this paper, the DC-DC boost
converter is used. The mathematical equations for the
boost converter are as follows:

1
Vout 
Vin
1 D
ton
D
ton  toff

(15)

(10)
(11)

output ripple voltage.

C.

The P&O Algorithm

The P&O is the most commonly used MPPT
algorithms to track the maximum power point of the PV
system, due to its ease and low-cost of implementation.
The P&O algorithm finds the maximum power point
(MPP) of PV modules by iteratively perturbing the array
voltage V , observing and comparing the power
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generated by the PV modules

P(n) at any instant with

P(n  1) .The voltage perturbation
is achieved through the change in the duty cycle D .
the previous power

The increment or decrement of the duty cycle D in
every sampling period is determined by the comparison
of the power at present time and previous time. If
dP  P(n)  P(n  1)  0 , the duty cycle is increased
and if

dP  0 , the duty cycle is then reduced.

The duty cycle perturbation is stopped when
dP  0 or practically equal to a small preset value [21].
Fig 1 shows the flowchart of the P&O algorithm with
duty cycle perturbation [13].

III.

THE PID CONTROLLER

The proportional-integral-derivative (PID) controller
is the most common control algorithm used in industry
and has been universally accepted in industrial control.
The popularity of PID controllers can be attributed
partly to their robust performance in a wide range of
operating conditions and partly to their functional
simplicity, which allows engineers to operate them in a
simple, straightforward manner [2].
The block diagram of the PID controller is shown in
Fig.6.

Fig. 6. Block Diagram of PID Controller

Although the PID controller is a linear controller, it
can be used to control many nonlinear and industrial
systems with a much better performance. Howbeit it
has less robustness against uncertainty [4]

Fig. 5. Flowchart of the P&O Algorithm using duty cycle

perturbation [13]

D. The P&O Perturbation Methods
Three main methods of P&O perturbation have been
proposed and used. These are:
1. Reference voltage perturbation [22] – In this
method, the PV array output reference is used as the
control parameter in conjunction with a controller
(usually a PID) to adjust the duty ratio of the MPPT
power converter.
2. Reference current perturbation [23] - The
reference current perturbation approach uses the PV
array output current reference as the control
parameter. Due to its slow transient response to
irradiance changes and high susceptibility to noise and
a proportional-integral (PI) controller oscillation, the
reference current control is not widely used.
3. Direct duty ratio perturbation [24] - The
direct duty ratio perturbation uses duty ratio of the
MPPT converter directly as the control parameter

Many various tuning methods have been proposed
from 1942 up to now for gaining better and more
acceptable control system response based on
desirable control objectives such as percent of
overshoot, integral of absolute value of the error (IAE),
settling time, manipulated variable behavior, etc. [3].
Some of the tuning methods have considered only
one of the above objectives as a criterion for their
tuning algorithm and some of them have developed
their algorithm by considering more than one of the
mentioned criteria.
The Ziegler-Nichols (Z-N) proportional, integral and
derivative gain parameters K p , K i , and K d
respectively are found by generating an S-shaped step
response for the system (see Fig 7) and using it to
determine its time constant T and its delay time L.
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Subsequently, the derived Z-N proportional, integral
and derivative gain parameters for the PID controller
are obtained from (18), (19) and (20) as K p  2.4505
,

K i  93.8927 and K d  0.0159respectively.

The Z-N derived PID gain/tuning parameters are
applied to the modeled PID controller in SIMULINK to
obtain the tuned response, and from that the tuned
performance parameters as well as the optimum PID
gain parameters

IV.

THE SOLKAR 36W TEST MODULE PARAMETERS

The SOLKAR 36W PV module was selected as the
test module for simulation. The manufacturer’s data
sheet details for the test module are given in Table I. In
addition to that, the series resistance ( Rs ) of PV
module is taken as 0.2 Ω, the band gap energy ( E g )
of the semiconductor used was taken as 1.1 eV, the
diode ideality factor ( a ) of the semiconductor was
taken as 1.6, electron charge q as 1.60217646*
10−19 C, the temperature coefficient
Fig. 7. Ziegler-Nichols (Z-N) Reaction Curve

Boltzmann constant

The gain parameters are calculated using the above
two parameters T and L as follows:

K p  Kc
Kp

Ki 

Ti

K d  K p  Td
where

(18)

(19)

(20)

Kc is the critical gain, and is given by (21) as

T
Kc 
L

(21)

Ti is the integral time, and is given by (22) as
Ti  2L

SOLKAR 36W MODULE PARAMETERS

Model Characteristic

Para
meter

Value

Unit

Open-circuit voltage

Voc

21.24

V

Maximum voltage

Vmp

16.56

V

Short-circuit current

I sc

2.55

A

Current at maximum
power
Rated power

I mp

2.25

A

P
Ns

37.26

W

Number of series cells
Number
of
parallel
connected modules
Number
of
series
connected modules

V.
(23)

From the curve of Fig 7, the parameters L = 0.01305
s, and T = 0.02665 s. Substituting these values into
(21), (22) and (23), the critical gain, integral time and
derivative time are obtained as K c  2.0421 ,

Ti  0.0261and Td  0.006525, respectively.

k as 1.3806503 * 10−23 J/K.

36
4
2

(22)

Td is the derivative time, and is given by (23) as
Td  0.5L

TABLE I.

K I as 0.0017 and

METHODOLOGY

The PV system was modeled in MATLAB/SIMULINK
environment using the SIMSCAPE and SIMULINK
libraries. The SOLKAR 36W PV module was simulated
using the parameters given in Table I. The DC-DC
boost converter was simulated using the SIMSCAPE
library. The MPPT algorithm implemented was the
P&O, and was simulated using a MATLAB function in
MATLAB/SIMULINK.
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Three offgrid solar PV systems were modeled:
(i) system WITHOUT MPPT,
(ii) P&O MPPT system (open-loop), and
(iii) PID-controlled MPPT system (closed-loop).

The irradiance of the system was then varied from
zero to the standard value of 1000 W/m2 for step, ramp
and impulse variations, while keeping the temperature
constant at 25°C (298°K) for the systems. The output
powers of the three systems were then obtained using
a display and a scope.
For the determination of the closed-loop
performance parameters, the Ziegler-Nichols Reaction
Curve Tuning Method was employed to derive the
initial, non-optimum Z-N tuning parameters. The Z-N
tuning parameters so derived were applied to the PID
controller modeled in MATLAB/SIMULINK, and
simulated with the various step, ramp and impulse
inputs to obtain the tuned/optimum responses with the
PID controller.
The optimum performance parameters of the
various tuned responses were obtained, together with
the corresponding optimum gain parameters K p , K i ,

Fig. 8. Temperature conversion model in SIMULINK

B.

Model of photocurrent

I Ph

The SIMULINK model shown in Fig. 9 is used to
implement the photocurrent equation (25).

I Ph  G  I sc  K I (T  Tr )

(25)

I sc is the cell short-circuit current at a 25 °C and
1kW/m2, K I is the cell short-circuit current
temperature coefficient, Tr is the cell reference
temperature, and G is the solar insolation in kW/m 2.

and K d , and then compared.

PV ARRAY SIMULINK MODELING

VI.

The PV array was modelled using the current
equation (25) of the PV panel. The parameters used for
the
model
are
as
given
in
Table
I.

 
(V pv  IR s )  
  1
I  N p I Ph  N p I 0 exp  q 
N s akT  
 
(24)
The equation (24) was modeled in 6 parts:

A.

Fig. 9. Photocurrent model in SIMULINK

-

Temperature conversion model

-

Model of photocurrent

-

Model of reverse saturation current I rs

-

Model of the diode saturation current

-

Model of operating

-

Model of the PV current equation I

C.

I Ph

Model of reverse saturation current

I rs

The reverse saturation current was modelled based
on equation (26) using commonly used blocks in
SIMULINK library. It takes in the short-circuit current at
the reference temperature and the module reference
temperature as inputs.

I0

N s akT

I rs 

Temperature conversion model

This model is used for the conversion of the module
operating and reference temperatures from degree
Celsius to Kelvin.

I sc
 qVoc 
exp 
 1
 N s akT 

(26)
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The SIMULINK model for the reverse saturation
current using equation (26) is shown in Fig 10.

Fig. 11. Diode saturation current model in SIMULINK

Model of

E.
Fig. 10. Reverse saturation current model in SIMULINK

D.

Model of diode saturation current

I0

The saturation current was modelled based on the
equation (27) using the commonly used block in the
SIMULINK library. The model takes the reverse
saturation current, module reference temperature and
the module operating temperature as inputs and
calculates the module diode saturation current.


 1 1
 

T 
T T
I 0  I rs   exp q  E g  r

ka

 Tr 




3








N s akT product

This was modeled using elements from the
commonly used block in SIMULINK library. It takes the
module operating temperature in Kelvin and calculates
the N s akT . The model of the product N s akT is used
in the PV current equation model shown in Fig. 12.

(27)

The SIMULINK model for the diode saturation
current using equation (27) is shown in Fig 11.

Fig. 12. Model of

N s kaT

product in SIMULINK

Model of PV current equation I

F.

The output current of the PV module is based on
equation (28). It is modelled using the commonly used
block library. The inputs were connected to a
multiplexer, which is then connected to a user defined
function to obtain the current I . The equation used in
this function (fcn) is

I  u (3)  u (4)  exp(( u (2)  u (1)  u (6))) /(u (5)))  1
(28)
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Where u(a) represents the inputs on the multiplexer
and the “a” represents the position of the input on the
multiplexer. The SIMULINK model for the PV current
using equation (28) is as already shown in Fig 3.

Interconnected subsystems of PV module in
SIMULINK

G.

Fig. 13 shows the interconnection of all the six
Simulink models masked and interconnected together
to get the PV array. The model takes irradiance,
operating temperature and voltage as inputs to produce
the PV current.

VIII.

MPPT CONTROLLER MODELING

The MPPT was simulated using a MATLAB function
from the SIMULINK library to produce the codes based
on the P&O algorithm. The MPPT is connected to the
converter which takes its voltage from the PV panel.
The duty cycle is fed into the converter through the
PWM generator. The P&O algorithm was simulated
according to the flowchart of Fig. 3, and the SIMULINK
model is shown in Fig. 14.

Fig. 14. MPPT Controller SIMULINK Model

IX. PID CONTROLLER MODELING

Fig. 13. Interconnected

subsystems

of

PV

current

in

The PID controller was employed to simulate the
closed loop PV characteristics. To obtain the optimum
gain parameters, the Ziegler-Nichols tuning method
was employed, as described in Section III. The full PID
control mode was used since it encompasses all
aspects and parameters of PID control.

SIMULINK

DC-DC BOOST CONVERTER MODELING

VII.

The boost converter was simulated using electronic
elements from SIMSCAPE in the SIMULINK library.
Based on equations (15) and (16), the capacitance and
inductance where calculated to obtain the parameters
in Table II. A DC voltage of 12V is fed into the converter
in place of the PV module.
TABLE II.

X. COMPLETE MODEL OF THE PID-BASED SOLAR PV
SYSTEM W ITH P&O MPPT
Fig. 15 shows the complete simulation of the PV
system consisting of the PV module, the boost
converter, the MPPT and the load. The inputs are
temperature and insolation. The results are displayed
using displays and scopes.

BOOST CONVERTER PARAMETERS

Model Characteristic
Inductance, L
Capacitor, C (output)
Capacitor, C (input)
DC voltage
Load, R
Switching frequency

Parameter
290 µH
470 µF
330 µF
12 V
50 Ω
5000 Hz

The SIMULINK model for the DC-DC boost
converter is as already shown in Fig 4.
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Fig. 16. STEP Response for NO MPPT, P&O MPPT (open-

loop) and PID-based MPPT (closed-loop)

Fig. 15. Complete SIMULINK Model of PID-based Solar PV

The resulting response parameters are as tabulated in
Table III.

System with P&O MPPT
TABLE III.

XI.

SIMULATION RESULTS AND ANALYSES

In this section, the responses of the P&O MPPT
(open-loop) and PID-based control (closed-loop) solar
PV system to step, ramp and impulse inputs are
presented and analyzed.
For a 1000 W/m2 irradiance, the maximum power
for the 2-by-4 array is calculated with equation (29) as

PMPP  VMP  I MP  Number parallel connected

PERFORMANCE PARAMETERS FOR STEP INPUT

Performance
Parameter

NO
MPPT

55.9

P&O
MPPT
(openloop)
224

PID-based
MPPT
(closedloop)
0

Overshoot
(%)
Settling time
(ms)
Rise time
(ms)

38.5

30

22.7

13.4

10.9

14.2

mod ules  Number series connected mod ules
 16.56  2.25  4  2

The following step response analyses can be
made from Fig 16 and Table III:

 298.08  300 W
(29)
A.

Step Response

Analyses of open-loop and closed-loop step
responses are presented in this section. Fig. 16 shows
the PV output power in response to a step irradiance
input.

1. The maximum attainable PV output power is
PMPP  300 W (23). But from Fig 16, the best realized
PV output power for NO MPPT is about 56 W, far below
the maximum attainable output power.
2. This virtual under-utilization of the PV output
power is not good, and necessitates an improvement
through the use of an MPPT.
3. The P&O MPPT open-loop parameters represent
the base case scenario or reference performance.
4. By employing a P&O MPPT control, the
maximum power was ultimately nearly obtained after a
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settling time of about 0.04 s, albeit with expected
ripples and oscillations around the MPP.

The following ramp response analyses can be
made for Fig 17.

5. The high open-loop percentage overshoot of 224
% represents a huge increase in losses which need to
be controlled or reduced.

11. With the ramp input, the best realized PV output
power for NO MPPT is seen to be much less (about 25
W) than the attained value of 56 W for the step input.

6. The PID-based MPPT represents a closed-loop
control, and offers the best performance. The
maximum output power was not only attained, but was
also achieved with theoretically no overshoot.

12. As far as ramp changes in input irradiance are
concerned, the PID-MPPT control mode is found to be
more responsive than the P&O MPPT.

7. This zero overshoot signifies ideally no losses or
practically a very huge reduction in losses.
8. Also, the settling time with PID-MPPT control was
correspondingly reduced from an open-loop value of 30
ms with P&O MPPT to the closed-loop value of 22.7 ms
with PID MPPT, which happens to be the minimum of
the settling times.
9. This denotes an achievement of an overall fastest
system response with PID MPPT control.

13. This is explained by the fact that the maximum
output power of the PV was attained with PID control
(upper curve), but the P&O (middle curve) could not
attain it.
C.

Impulse Response

Analyses of open-loop and closed-loop ramp
responses are presented in this section. Fig. 18 shows
the PV output power in response to an impulse
irradiance input.

10. The rise time, however, witnessed an increase
from 10.9 ms to 14.2 ms.

B.

Ramp Response

Analyses of open-loop and closed-loop ramp
responses are presented in this section. Fig. 17 shows
the PV output power in response to a ramp irradiance
input.

Fig. 18. IMPULSE Response for NO MPPT, P&O MPPT

(open-loop) and PID-based MPPT (closed-loop)

The following impulse response analyses can be
made for Fig 18.
14. With the impulse input, the best realized PV
output power for NO MPPT is similar to that attained for
the ramp input.
15. During a downward pulse at time 1.7 seconds,
the P&O MPPT causes the output power to undershoot
its mark. The system, however, quickly returns and
stabilizes.
16. The PID-based MPPT controlled system
however eliminates this.
Fig. 17. RAMP Response for NO MPPT, P&O MPPT (open-

loop) and PID-based MPPT (closed-loop)

17. Again, the PID-MPPT control mode is found to
be more responsive than the P&O MPPT, as far as
impulse changes in input irradiance are concerned.
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XII.

CONCLUSIONS

In this study, PID controllers and tuning methods
have been reviewed. Maximum power tracking in solar
PV systems have been studied.
Three systems, namely, PID-based MPPT, P&O
MPPT and non-MPPT subsystems have been modeled
and simulated in MATLAB/ SIMULINK to study the
system’s response to step, ramp and impulse signals
using a commercial module, the SOLKAR 36W.
From the analysis of the results, the PID-controlled
MPPT is found to be most responsive to all the various
inputs. Particularly from the step response, the PIDbased system had the shortest settling time of 22.7 ms
(indicating the fastest system response) and zero
overshoot (representing minimum losses).
The P&O MPPT performance follows that of the
PID-controlled system, with a settling time of 30 ms and
224 % overshoot. The non-MPPT system gave the
slowest response with settling time of 38.5 ms.
The study has proven the superiority of
performance of the PID-controlled MPPT system over
the P&O MPPT system for all the various signal inputs.
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