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Design and experimental implementation of voltage control scheme using the coefficient
diagram method based PID controller for two-level boost converter with photovoltaic system

Introduction. Currently, in the solar energy systems and a variety of electrical applications, the power converters are essential part. The
main challenge for similar systems is controller design. In the literature, the PID controller has proved its effectiveness in many industrial
applications, but determining its parameters remains one of the challenges in control theory field. The novelty of the work resides in the
design and experimental implementation of a two-level boost DC-DC converter controlled by a PID controller for photovoltaic (PV)
maximum power extraction. Purpose. Analysis and control of the two-level boost topology with renewable energy source and design of the
PID controller parameters using simple and accurate method. Methods. PID coefficients are optimized using Coefficient Diagram Method
(CDM) in the MATLAB environment. Results. A mathematical model of a two-level boost converter with PID controller and PV energy
source was developed and analyzed. The model allows to design the controller parameters of the proposed system. Practical value. A
prototype steered by the proposed CDM-PID controller was tested using an Arduino embedded board. A comparison between the
simulation results and the experimental one is presented. The obtained results illustrate that the experimental results match the simulation
closely, and the proposed CDM-PID controller provides a fast and precise results. References 24, table 2, figures 16.
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Bemyn. B oanuii yac nepemsopiogaui nomysicHOCi € Hegio EMHOIO YaCHUHOI0 COHAYHUX eHEPReMUYHUX CUCIEM MA PIBHUX eleKMPUIHUX
npucmpois. OcHo8HOIO NpobIeMOt0 O0lsi MAKUX CUCHEM € NpoeKmyéanHs Koumpoaepa. Y mimepamypi Ill/[-pecyrsmop 006i6 ceoto
egekmusricmy Yy 6a2amvox NPOMUCTOBUX 3ACMOCYBANHAX, alle GUIHAUEHHs U020 Napamempis 3anuuacmscs OOHiclo 3 npobaem y 2anysi
meopii  ynpaeninna. Hoeusna pobomu nonseac y po3pobyi ma excnepumeHmanbHiti peanizayii  060pieHe8o20 NIOBUWLYEATLHOO
nepemsopiosaya nocmitino2o cmpymy, keposarozo I1IJ{-pecynsamopom, 0na ompumants MAKCUMaabHOi ROMYICHOCH POmOoeneKmpusHUX
npucmpois. Mema. Ananiz ma ynpaeninns 080pieHes010 MONONORIEI0 NIOBUWEHHS 3 BUKOPUCIAHHAM BIOHOGTIIOBAHOLO Odicepend eHepeii ma
pospaxyHok napamempie I1l/]-pecynamopa npocmum ma mounum memooom. Memoou. Koegiyicnmu I1I/] onmumizyiombcs 3a 00nomo2oro
Memody diagpamu koepiyicnmie (CDM) y cepedosuwyi MATLAB. Ompumani pezynemamu. Po3pobieno ma npoananizosano Mamemamuymy
MOoOeltb 080PIBHEBO20 NIOBUIYBATLHO0 nepemeoprosaya 3 I1l/]-pezyiamopom ma gpomoenekmpuunum oxcepenom enepeii. Mooens 0036omse
Cnpoekmysamuy  napamempu Kowmpoaepa npononosanoi cucmemu. Ilpakmuuna yinnicme. [Ipomomun, Kepoéauii NnponoHOSaHuUM
xowmponepom CDM-PID, npomecmyeanu 3 suxopucmatnHam 66yooeanoi niamu Arduino. Haseoeno nopisHanHs pe3ynsmamie MoOeno8anHs
3 excnepumenmanshumu Oanumu. Ompumani pe3ynbmamu NOKazyiomv, W0 eKCnepuMeHmanbii pe3ynbmamu OIu3bKo Gionosioaions
Mmooemosantio, a nponorosanuii CDM-I1[/]-pecynamop 3abe3neuye wiguoki ma mouni pesynomamu. biomn. 24, tadm. 2, puc. 16.

Knrouoei crnosa: cnioBa eneKTpoHika, nepeTBOPeHHs eHeprii, 1BOpiBHeBUI MiABUIYBAJILHU IIEPETBOPIOBAY, PEryJIsTOP MeTOLy

aiarpamu KoeQilieHTiB.

Introduction. Nowadays, solar and wind energies
are from the most contributor for power generation among
different renewable energy resources. The use of solar
energy because of their advantageous such as the free
availability, solar energy systems on buildings have
minimal impact on the environment, electricity produced
by solar cells is clean (not produce air pollution or carbon
dioxide) and silent [1-3].

In solar energy systems and a variety of electrical
applications, the power converters are essential part.
There is a several type of converters: AC to DC
converters, DC to AC converters, AC to AC converters,
and DC to DC converters. Also, the use of multilevel
converters topologies in power circuits has many
benefices, including the increase of the voltage level, the
reduction of stress across static switches, the
improvement of power factor with the reduction of power
losses, the reduction of filter size [4-9]. DC to DC
converters are widely used in many modern electronic
systems. They convert a DC input voltage into a different
DC output voltage, and are widely used in power supplies
for all types of electronic devices, such as computers, cell
phones, tablets and telecommunications equipment.

An overview of DC-DC converters allows us to
conclude the importance of this type of converter.
Authors in [10] have presented enhanced fuzzy logic
controller using boost DC-DC converter topologies for a
grid system. In the work [11] have proposed high step up
boost converter for uninterrupted power supply using

renewable energy resources (wind and photovoltaic
(PV)). Authors in [12] have discussed switching DC step-
up/step-down regulators voltage for maximum power
transmission. In the work [13] have presented DC-DC
converter topologies for energy management system.
Authors in [14] have proposed five-level inverter
alimented by DC-DC converter with artificial intelligence
control. The control of DC-DC converters is an important
topic in modern electronic circuit design. Precise
regulation of the output voltage of a DC-DC converter is
crucial to ensure the smooth operation of the overall
electronic system. The intelligent control techniques and
the PID control method are often used to control these
converters [15, 16]. However, optimizing PID coefficients
can be difficult, especially for converters with variable
frequency switching.

The goal of the paper is design and experimental
implementation of a two-level boost DC-DC converter
controlled by a PID controller for PV maximum power
extraction. The PID coefficients are optimized using
Coefficient Diagram Method (CDM); hence the Maximum
Power Point Tracking (MPPT)-PID controller adopting
CDM is utilized for providing better accuracy. A two-level
boost DC-DC converter is exploited which boosts the
oscillating PV wvoltage. The two-level boost DC-DC
topology, the design of MPPT-PID controller based on
CDM, and the main findings are summarized in this article.

Theoretical background of the CDM. CDM is an
algebraic approach, proposed by Prof. Manabe to design
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the controller parameters [17]. The standard block scheme
of CDM is shown in Fig. 1, on which R(s) is the reference
input signal; Y(s) is the output signal; d(s) is the
disturbance; MN(s) is the numerator polynomial of the
controlled system; D(s) is the denominator polynomial of
the controlled system; A(s), B(s), and F(s) are the CDM
controller polynomials.

dGs)

N(s) | Y(s)
D(s)

Fig. 1. The standard block diagram of CDM

The closed-loop transfer function of the system can

be written as:
P(s) P(s)
where P(s) is the characteristic polynomial of the closed-
loop system presented as:
P(s)=A(s)D(s)+ N(s)B(s) . 2)

The polynomials A(s) and B(s) of the CDM

controller structures are given as:

x y
A()=Y I;s's B(s)=) k;s', 3)
i=0 i=0
where x and y are the degrees of CDM controller.
Next step of design consists of the calculation of the
target polynomial P(s) as follows:

Y(s5)=

n | i-1

P(s)=aol| X T]

i=2\ j=17i-j

(rs)i +rs+1|, (4)

where n is the order of the characteristic polynomial P(s);
7 is the equivalent time constant; y; is the stability indices.

In design of CDM controller, the most important
point is setting of key parameters (y; and 7), because the
key parameters come into closely relation with the
dynamic system performances (rapidity, robustness,
stability). Value of equivalent time constant (r) has
relation with the system rapidity, because it has an impact
on the rise time and settling time. Values of stability
parameter (y;) have relation with the system stability and
robustness, because have impact on the steady state error.
According to [17] y; and 7 values can be selected as
follows: y; values can be written as: {2.5, 2, 2..2}.
Usually (y;) is selecting from the range of (1.5 to 4) to
have a good stability performance based on Routh-
Hurwitz stability criterion and Lipatov’s stability
criterion. In other hand, the key parameters (y; and 7) can
be adjusted to have good desired performances [17-19].

Last step of design is determination of the PID
controller gains. Putting P(s) = P/(s), then presenting the
equations system in matrix form (4X = B). Note that
X = [ky; ky; ko; [1] is the vector of gains for estimating the
PID controller parameters; k, is the proportional gain of
PID controller; %; is the integral gain of PID controller;
k, is the derivative gain of PID controller:

kp=k/l; ki=ko/li; kg=hky[l;.

Description of the proposed two-level boost
connected PV system. Figure 2 displays the proposed
boost-connected PV system. It includes a two-level boost
converter linked to PV system.

1

Control
technique

Fig. 2. The proposed boost-connected PV scheme

To study the control of the system, we must present
briefly the principle and the mathematical model of each
element of the system.

Model of the PV panel. In the literature several
PV models have been discussed. The models differ from
each other in the procedure and the number of
parameters involved in the calculation of the current-
voltage pair [20-22]. Figure 3 illustrates the most
common equivalent electrical circuit of the PV module.

I, R,

Fig. 3. Equivalent electrical circuit of a PV cell (one diode model)

From the electrical circuit, we can obtain the
formula that allows us to obtain the /-J characteristic of
the PV cell and panel. The law of nodes lets us to write
the following relationship (5):

=1, -14-1,=
q(V+RSI)j
AT V+R.I (%)
=11, e[ k) _q |
R,

where I, V are the current and the voltage generated by the
solar cell; 1, 1, are the diode current and the parallel resistor
current; R,, R, are the series and parallel resistors of the solar
cell;  is the Boltzmann constant (k= 1.38-10 J/K); n is the
ideality factor of the solar cell, varies between 1 and 2;
T is the temperature of a diode; ¢ is the charge of an
electron (¢ = 1,6:10" C); L, is the photocurrent
generated by the solar cell.

The photocurrent /,, is proportional to the solar
radiation E and is assumed to be linear as a function of the
surface temperature 7 of the cell, it can be described as:

ph = %(Iphref + Ugee (T - Tref ))a (6)
ref

1

where E is the real solar irradiance, W/m? E,. is the
standard test conditions (STC) irradiance, W/m?; T is the

4
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operating temperature; 7,.ris the STC temperature; i, is
the temperature coefficient of the short-circuit current;
STC conditions are cell temperature of 25 °C and global
solar irradiance of 1000 W/m?.

The choice of the series and parallel resistance
values for simulation is detailed in papers [23, 24]. The
series and parallel resistance values can be calculated as:

107, 0.1V,
Rp> co; Rs<—cos (7
cc cc
where:
1 kT
Iec =1pps Voo =V In 2R v, =,
I q

where V, is the thermal voltage of the diode; V., is the
open circuit voltage; /.. is the short-circuit current.

For a solar panel with N cells, we can write the
saturation current as:

Toh ®)

e NearVi ) _4

Model of the two-level boost converter. Figure 4
displays the topology of the two-level boost converter. A
two-level boost converter is typically composed of one
switch S;, one inductance L, three capacitors Cy, Cy, Cj,
three diode D;, D,, D;, one DC power supply or
renewable energy source (in our case the DC power
supply is replaced by a PV), one resistor R as load. The
output voltage V; is related to the voltage of the two
capacitors V7 and V. Thus, Vo=V, + V, =2V,. The output
voltage can be calculated as:

V=2 9)
l-a

where « is the duty cycle; Vj is the input voltage.

Ig =

Fig. 4. Topology of the two-level boost converter

The state-space model of the two-level boost
converter can be written with the following system of

equations:
dI—L: —(1_a).v0+i.vv;
dr 2-L L - (10)
dvy  (1-a) 2
— = A+ V.
de C R-C

In matrix form, the state space model of the system
is given as:

(11)

X=4.-X+B-U;
Y=C-X,

where:

) _l-a)

A:M 2-2L : B:F/OL} c=[ 1]

c RC
Based on the state space model, the system transfer
function can be expressed using the complement (com)
and the determinant (det) of a matrix (S, — 4), as:

C-(com(S1, —4))" -B
det(S1, —4)
By applying some mathematical manipulations, the
transfer function of the system is given as:
(1-a)
L-C . (13)
) (2 (1-a)?
S°+ S+
R-C 2-L-C
CDM-PID controller design for the proposed
system. To identify the parameters of the proposed
controller used in this application by the CDM technique,
the open-loop transfer function G(s) of the system is used.
First, the transfer function G(s) of the system is given in
polynomial forms as follow:
(1-a),

L-Cc’

G(s)= (12)

G(S)=

N(s)=
(14)

D(s) = 52+(

)2
2 S+ (l a) .
R-C 2-L-C
In this work, we have chosen a second-order
polynomial controller C(s) given by the following structure:
7.2 1 .
B(S)—kzs +k1S +k0, (15)

A(s)=los” +1s" +1,.
So, the transfer function C(s) of the controller is
given by:

kys? + kys' + kg

C(s)= (16)

12S2 +11S1 +lo .
The characteristic expression of the standard PID
controller is written as:

ki

kS +k; +kgS?
Crip(5) =hp +-E kS =~ ——

S (17

By identification between (16) and (17), the second-
order polynomial controller is written as:
kos® +his' tho by o ki ko %)
A s 4 L LS

By identification between (17) and (18), the PID
controller parameters can be estimated as:

ky=ki/l; ki=ko/li; kq=ky/l;.
The characteristic polynomial P(s) of the closed-

loop system is given as:
P(s)=A(s)D(s)+ N(s)B(s) =

_ (11s1).{s2 +(T2st+(2l._;{);]+ | 19)
+ ((lL%g)}(kzﬁ s+ k)

Applying some mathematical manipulations, the
characteristic polynomial P(s) can be written as:

C(s) =
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(20)

P(s) = +((1_.“).k1+
(

The target characteristic polynomial P(s) is given as:

3 (-1

B(s)=ay Z H]L (r~sy +7-s+1].

i=2\ j=17i-j

21

Applying some mathematical manipulations and
simplifications, the target characteristic polynomial P(s)
can be written as:

1 1
ﬁa(ﬂ'} 'S3 + —1002'2 ‘S2 +
B =\ rai 7 - (22)

+(a0 ~z’)-s+a0

The time constant 7 and a, are picked as follows for
our application: 7= 0.001 and a, = 1. The stability indices
y, and y, are selected as y; = [2.5, 2], i = 1, 2. In order to
improve the system’s performance, these parameters were
picked from the Manabe’s standard form.

Putting P(s) = P(s), by identification between (20)
and (22), the polynomials expressions can be written as:

1
L= ; 2a013;
an
—(l_a k2 +—2ll Zilaofz;
Lc 7 RC (23)
2
(l—a)k1+(l—0!) llza()T,
L-C 2-L-C
(l_a)k =a
L.C 0 0

In matrix form (4X = B), the matrix equations of the
polynomials expressions (23) are given as:

0 0 0 |
Cdo 0 2
A= l=a) (1-a)f |
L-C 2.L-C
0 0 (IL_? 0
6101'3
k2 yort
X = kl . B= 6102'2 A
ko 7
ll aoT
ap

where X is the matrix of gains for estimating the PID
controller parameters.

The previous design steps of the CDM-PID
controller are programed in MATLAB editor. Achieved
results are discussed in the following section.

Results and discussion. Simulation of the proposed
two levels DC-DC boost-connected PV is validated

through MATLAB environment. Table 1 displays the
electrical parameters of the solar panel Solarex MSX-60.

Table 1
The electrical parameters of the solar panel Solarex MSX-60
Parameter Value

Maximum power Py, W 60
Number of cells 36
Voltage at maximum power ¥V, V 17.1
Current at maximum power /,,,, A 35
Minimum power guaranteed, W 58
Short-circuit current /..., A 3.8
Open circuit voltage V., V 21.1
Temperature coefficient at V,,,, mV/°C —(80+10)
Temperature coefficient at /..., %/°C (0.065+0.015)
Approximate effect of power temperature, %/°C| —(0.5+0.05)

Figures 5,a,b illustrate the curves of PV panel
characteristics, the current-voltage (/-¥) characteristic and
the power-voltage (P-V') characteristic, respectively.

60

_____________________________________

o

N Iy e e

20 [ o o

Avv

: : o :
0 10 20 25 0 10
Fig. 5. Characteristics of a PV panel:

a — I-V characteristic; b — P-V characteristic

Figure 6 illustrates the impact of irradiance and
temperature on the / = f{V) and P = f{V) characteristics.

E=1000 w/m2,T:variable T:25°c,E:variable

t=0° E=400w/m*

t=25° E=600w/m*
4'51’ A ) t=50°| ﬂ.g’ A E=800w/m?

t=75° E=1000w/m*

v,V
0 5 10 15 20 25

E=1000 w/m2,T:variable

T=25°c,E:variable

t=0° E=400w/m?
t=25° E=600w/m*
t=50° E=800w/m*
P,W t=75° W E=1000w/m?
60 7 60 I~ |
50 50
z
40 » 40
o
H
30 930
]
20 £20
10 10 }
. v,V 8\
0 5 10 15 20 25 00 5 10 15 20 25

Fig. 6. I-V and P-V curves of the solar panel with various
scenarios of temperature and irradiance values

To check the system through simulation, the
parameters of the converter are given in Table 2.
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Table 2
The electrical parameters of the converter

Parameter Value
Input voltage Vi, V 30
Switching frequency, kHz 1
Inductance L, mH 800
Capacitances Cy, C,, C3, uF 220
Resistance R, Q 1500
Duty cycle o 0.5

Figure 7 shows example of gate signal for the switch
S} with =1 kHz and variable duty cycle «. Figure 8 shows
the input and output voltages of the two-level boost
converter with duty cycle a = 0.5. From Fig. 8 we note that
the output voltage achieve a maximum value equal to 120
V with an input value equal to 30 V. Equation (9) confirm
the obtained results.

v,V

15

12 a
0

1] 1 2 3 4 Lms 5
v,V

15

10

5 b
0

0 1 2 3 4 tms §
v,V

15

‘Ig c
0

1] 1 2 3 4 tms §

Fig. 7. Simulation example of gate signal for the switch S;
with f=1kHz: a— a=30%; b—a=50%; c—a=70%.

v,V ——B— Qutput voltage
—0— Input voltage

150 ;
» e
:100 _ ................ ................ . ................................
SO A S

: :
o S S
E 1 ts
0 0.2 0.4 0.6 0.8 1

Fig. 8. Input and output voltages of the two-level boost
converter with duty cycle a =50 %

Now, we will execute the programmed CDM-PID
code in MATLAB editor. Solving the system gives the
coefficients of the PID controller as: k, = 4.3997-10%;
ki =4.4-10% k, = 1.7579.

After achieving the PID controller parameters using
the CDM, the next step is testing the system responses.
Figure 9 illustrates the system’s output with the CDM-PID
controller in the scenario of variable reference. The
reference was changed from 5 V to 20 V, and then to 10 V.

According to the achieved simulation results, it can
be seen that the system output tracks the wvariable
reference with a good accuracy and quickly, where the
system output follows the reference path after varying its
value; therefore, the PID based on CDM controller
provides a good dynamic response to the system.

25

Vv Reference
Cutput voltage
20¢ Zdom 1
T
15} :
4
0.05 01 .15
10r
5 - -
s
D 1 1 1 1
o 02 04 0.6 0.8 1

Fig. 9. System responses with the PID based on CDM controller
in the case of variable reference

For testing the robustness of the PID-CDM
controller, disturbance is injected in the closed-loop
system. Figure 10 shows the block diagram of the closed-
loop system when adding disturbance. The effects of the
disturbances and their corresponding system responses are
depicted in Fig. 11.

Disturbance
Reference d(s)
Input Output
R(s) B(s) N(s) Y(s)
A(s) D(s)
Controller Plant

Fig. 10. Block diagram of the closed-loop system with disturbance
25

Output voltage of the sclar panel
Output vottage of the boost converter

V,V !

7 s e

_zoom _

--------- | . 5
0oz : : '

EI'.E:N

ts

0 i i i i i i i i
o0 005 01 015 02 025 03 035 04
Fig. 11. System response with PID-CDM controller
when adding disturbance

The curves in Fig. 11 demonstrate that the
disturbances are rejected. The system responses return to
the reference trajectory in the case of step disturbance.

According to the obtained simulation results, it can
be seen that the PID-CDM controller provides good
system responses and robust rejection of the disturbance.
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Experimental results. To validate the achieved
theoretical and simulation results, an experimental setup
of the two-level boost converter with PV system has
been constructed using one MOSFET switch, one
inductance, three capacitors, three diode, one resistor as
load, one DC power supply as PV panel, Arduino chip,
oscilloscope, and PC with MATLAB/Simulink software.
Figure 12 illustrates the experimental prototype of the
proposed system.

i
Voltmeter r

Power supply for feeding XA p ‘
the control circuit (15 V) s

! Stabilized DC input voltage g

Fig. 12. Prototype of the two-level boost converter

Figure 13 demonstrates an experimental example of gate
signal for the switch S; with switching frequency /= 1 kHz
and variable duty cycle: a — a = 30 %, b — a = 50 %,
c—a= 70 %, respectively.

| e e OO
::?::

Metrix — 88

CHi= 588U

Metrix BN

CHi= 588U

Meirix BN &

CH1= S.8al CH1L /780U
Fig. 13. Experimental example of gate signal for the switch S} with
f=1kHzand duty cycle a— =30 %, b— a=50 %, c— a=70%

Figure 14 shows the capacitors voltage and the output
voltage of the two-level boost converter with duty cycle
a = 0.5, and switching frequency f = 1 kHz. From
Fig. 14 we note that the output voltage V, achieve
a maximum value equal to 120 V with an input value equal
to 30 V.

el
ﬁ N N N N N N N

CH1=E£@, CH2u : CHZ Fe.aal :
Fig. 14. Experimental voltages of the two-level boost converter

with duty cycle & =50 %: a — the capacitors voltages;
b — the output voltage V,

Figure 7 illustrates simulation example of gate signal
for the switch S; with = 1 kHz and variable duty cycle
using  MATLAB/Simulink. Figure 13 illustrates the
experimental gate signal for the switch S, using the
experimental prototype. By comparison, the simulation
results are matching closely the experimental one. Also,
the simulation analyses of the converter output voltage V,
is matching closely the experimental analyses as shown in
Fig. 14. All the results were achieved using a simple and
accurate design method.

Conclusions.

1. A mathematical model of a new system composed of
coefficient diagram method based PID controller and two-
level boost converter with photovoltaic system has been
developed and investigated. The model allows to design
the controller parameters based on the coefficient diagram
method.

2. The two-level boost converter has been employed to
extract the maximum power from the photovoltaic panel.
coefficient diagram method based PID controller has been
used to control the output voltage.

3. Simulation was done in MATLAB/Simulink
software to verify the performance of the proposed
system. In addition, an experimental evaluation was
conducted using a low-cost Arduino board. The
experimental results confirm that coefficient diagram
method for controling multilevel boost converter is an
effective and easy-to-apply technique.

4. As an extension to the work, it looks interesting to
implement other methods to design the controller
parameters, like the intelligent metaheuristic algorithms.
Control the system with fuzzy logic controller, or neural
network controller. Furthermore, other similar systems
can be addressed, such as: feeding the multilevel boost
converter with other renewable energies as the wind. The
principal advantages of sustainable energies are to meet
the increasing demand for electricity, particularly in the
event of natural crises and international problems, to
reduce air pollution and to limit global warming.
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