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ABSTRACT

This paper portrays a comparative analysis report of Proportional-Integral (PI) and Fuzzy Logic Controller
(FLC) for total Power control of Photovoltaic (PV) based grid-tie single-phase five- level Quasi Z-Source
Inverter (qZSI). The adopted power control scheme allows for independent maximum power point tracking
(MPPT) and independent control of DC link voltage in each H-bridge of the proposed inverter. This analysis is
carried out to depict the differences in the performance of both the controllers. It also demonstrates the
suitability of the controllers for the proposed topology. The proposed inverter has the advantages of reduction
in size of the impedance network, negligence of boost converter stage and boosting of voltage with the help of
9shoot through states. The power control scheme has been implemented with both PI controller and FLC.
Simulation has been carried out using MATLAB software and the results are presented.

Keywords: Photovoltaic, Quasi Z-Source Inverter, PI-Controller, Fuzzy Logic Controller, MPPT, DC Link

Voltage control.

1. INTRODUCTION

rid-Connected PV systems turned out to be
Gthe promising renewable energy generation

system in recent days due to their effective
utilization of solar energy and clean power production.
With the remarkable improvements in the solar PV
technology, the cost has been declining year by year.
A converter is needed to convert DC power fed from
the PV into AC power to feed the grid. Among various
topologies that are available for DC-AC power
conversion, the candidate Quasi Z-Source Inverter
stays aloof because of its various advantages. This
voltage fed inverter does not require a DC-DC boost
converter stage. Yet, it converts the DC-AC directly
without any additional converter stages including
boosting of voltage. Also, by cascading the H-bridges,
the qZSI procures the advantages of cascaded
Multilevel Inverter (MLI) such as modularity,
suitability to PV/Fuel Cell and improved power

quality [1-2]. This paper illustrates the controller
design for PV based grid-tie gZSI. The control strategy
involves separate MPPT for each solar array, DC link
voltage control for each of the H-bridge and total grid
power control.

PI controller is generally used to remove the Steady
State Error (SSE). However, the stability and response
of the system has a negative effect. Therefore, they are
used in systems where the speed is not considered as a
factor. Since PI controller cannot predict the future
errors, the rise time and oscillations of the system
cannot be decreased. So, an Artificial Intelligence (AI)
controller can be implemented to control the proposed
system to overcome the aforementioned disadvantages
of PI controller. Fuzzy logic controller has been
implemented for qZSI and compared with the results
achieved by PI controller.

This paper is organized as follows. The overview of
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the single phase five-level qZSI is provided in Section
2. Design of LC network is presented in Section 3. The
detailed control strategy of the qZSI is elaborated in
Section 4. Section 5 and Section 6 focus on the grid
side control of PI and FL controller. Comparison of
both the controllers is explained in Section 7 followed
by conclusion.

2. SINGLE-PHASE FIVE-LEVEL QUASI
Z-SOURCE INVERTER

The Quasi Z-source inverter is one of the impedance
inverters that can operate in buck and boost mode. In
addition this it can provide AC output voltage for the
applied DC input voltage in a single stage. This
becomes possible because of the unique LC network
that connects the PV source and the inverter’s H-
bridge [3-4]. Fig.1 shows the PV based five-level
qZSI. The voltage fed qZSI is different from the
conventional voltage fed inverter as it operates in two
states. The non-shoot through state consists of active
and zero states. In this state, the qZSI acts like a
current source when viewed from the PV side. In the
shoot-through state, the switches pertaining to the
same leg simultaneously conducts yet preventing the
occurrence of short circuit of the PV source [5-6].
Fig.2 represents the non- shoot through state of qZSI
and Fig.3 shows the shoot-through state of qZSI.
Moreover, this type of inverter draws continuous
current from the PV source making it well suited for
PV applications. The single stages can be cascaded to
get multilevel output with reduced Total Harmonic
Distortion (THD). The modularity of this inverter is
advantageous for renewable energy sources especially

Fig. 1: PV based five-level qZSI

c2

L2

Fig.2: Non-Shoot-through state of qZSI

In non-shoot through state, the power is delivered from
PV source to grid. During the shoot through state, the
power delivered to the load will be zero. During this
time period, the impedance network involves in
boosting the input voltage [7].

L1

Fig.3: Shoot-through state of qZSI

The basic relationships based on the operating states
are given below:

1-D
Vo =—— 1
e =15 Vv 1
D
Voy =——— 2
e =155 Vv 2
1
PN :—1—2D pv =B.Vpy (3)
v, =Yev g - M Ve (4)
2 2
1
B=—— 5
1-2D )
T,
D= 6
T (6)

where, D is the shoot through duty ratio, B is the boost
factor, Vpyv is the PV input voltage, M is the
modulation index, Vpx is the DC link voltage and Ts
9is the switching time period.
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3.DESIGN OF LCNETWORK FOR QZSI

There is always an inherent second harmonic power
flow associated with a single-phase system. So, second
harmonic analysis called 2o ripple analysis is carried
out to design the impedance network of the qZSI. This
design method results in reduced size of impedance
network compared to the passive methods [8-9]. The
design equations are given below.

qZS Capacitance is C A/ 7
u)sVPN2

gZS Inductance is | _ DA=D)TVpc (8)
(1-2D).2.Ai

From (7) and (8), the values of inductance L;, L, and
capacitance Cj, C; are calculated as 3 mH and 1100 pF
respectively.

4. CONTROL STRATEGY FOR PV BASED GRID
TIED SINGLE-PHASE FIVE-LEVEL QZSI

To properly operate the PV based grid connected
single-phase five-level qZSI, it is necessary to control
the independent solar array voltages, the power
injection on the grid side and the DC link voltages. The
control objectives of the proposed system are: 1)
Independent MPPT to each PV array for ensuring the
extraction of maximum power; 2) the grid power
injection at unity power factor with reduced THD; 3)
Maintenance of equal DC link voltage in both the H-
Bridges [10].

The first control objective has been achieved by
applying fuzzy logic MPPT. To each of the PV array,
an independent fuzzy MPPT is implemented. The rule
base is appropriately formed to ensure maximum PV
power extraction. The second objective has been
achieved by total power control on the grid side. Its
function is to maintain the grid voltage and grid
current in same phase. Thus unity power factor is
maintained. The DC link voltages are maintained
equal in all the H-bridges by using DC link voltage
control which satisfies the third objective [11-12].

4.1 Independent MPPT control using Fuzzy logic
Control:

Fuzzy Logic is a multi-rule-based

Compared

algorithm.

to Neural Networks and Genetic

Algorithm, it provides quick and accurate results [13-
14]. Because of its faster convergence, the FL can be
used for maximum power point tracking. From the
measured voltage and current of the PV source at
every instant, the power is estimated and stored as a
vector. The FLC input variables are created based on
(9) and (10).

e() = APV _ p(0=p(t=D) ©

Av(t)  v(t)—v(t—1)

Ae(t)=e(t)—e(t—1) (10)
To implement FL for MPPT, the following steps are to
be followed. The error and change in error are the

input variables that are fuzzified. For the applied input
value, the corresponding membership function returns
a value. From the triangle membership function, the
Max-Min method is applied to extract the value. Fig.
4, Fig. 5 and Fig. 6 show the input membership
functions e, Ae and output reference respectively.
According to Mamdani method, set of rule base must
be applied to the resulting membership functions. The
rules are framed and listed in Table 1. Centroid method
is applied for the Defuzzification. The defuzzified
output value is used as a reference signal for the
generation of shoot through pulses.

The input and output surface waveform for fuzzy
MPPT is shown in Fig.7.The separate MPPT control
of the PV is shown in Fig. 8.

Table 1: Rule base for Fuzzy MPPT
Ae NB NM NS ZE PS PM PB
€
NB M M M VVS | VVS | VVS | VVS
NM M M M VS VS VS VS
NS S M M S S S S
ZE VS S M VB M B VB
PS VB B B VB M M B
PM VB VB VB VB M M M
PB VVB | VVB | VVB | VVB M M M
T T T

/\/\/\ X
/ /\/\/ \/

Fig.4: Input variable 1: Error (e) membership
functions
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Fig.5: Input variable 2: Change in error (Ae)
membership functions

ChangehExror 5

Fig.7: Input and output surface waveforms of
fuzzy MPPT

The PV specifications are listed in Table 2. Fuzzy
logic MPPT is implemented for each PV module and
the output current, voltage and power waveforms are
shown in Fig.10.

Table 2: PV Specifications
Each PV module specification
Parameter Rating | Unit
Open Circuit Voltage | Voc | 21.4 \Y
Short Circuit Current Isc 7.1 A
Max. Power Pm | 110.5 | Wp
Max. Voltage Vm 17 \Y
Max. Current Im 6.5 A
No. of PV modules required per H-Bridge
Np 1
Ns 6
Np x Ns 6

The output reference from Fuzzy Logic MPPT is
used to generate the shoot through duty ratio that
exclusively controls the PV voltage to operate at
maximum power point.

4.2 Grid Side Control

The grid side controller involves the control of DC link
voltage and injected power from grid. The DC link
voltage is maintained at an equal value in each of the
qZSI H-Bridge. This can be implemented by adopting
DC link voltage conrol which maintains the DC link
voltage Vpx as the sum of capacitor voltages Vi and
Ve of the LC network.Two voltage sensors are
required in each qZSI H-bridge to measure the
capacitor voltages. The sum of these voltages are
subtracted from the reference DC link voltage. A
controller is now employed to adjust the output power
reference P; based on the variations in the capacitor
voltages. The reference value of P, varies with
variation in PV output power. In this paper, DC link
voltage controller is designed and implemented with
both fuzzy logic and proportional-integral control.

The independent MPPT control and DC link voltage
control schemes are represented by Fig. 8 and Fig.9
respectively.

J/

-
Vev

Fuzzy Logic
Controller

Ipv AEJ

\

Dn
Independent MPPT Control

Fig.8: Independent MPPT control

= S —
Y I s
Ly D L2 a a
o] To
- 4 J

Fig 9: DC link voltage control
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The total power injected to the grid is the addition of

Poias  The total grid
power control is shown in Fig.10. This control is
essential to ensure phase locking of sinusoidal grid
voltage and grid current. The peak value of grid
current is given by,

o« 2P
i, =—* (11)
Ve peak

each PV string output power,

The phase of the grid voltage is measured using Phase
Locked Loop (PLL) and hence unity power factor
operation is ensured. The power reference P,
generated by the DC link voltage control is used to
create reference grid current iz. The measured grid
current is applied to the current control loop. A current
controller is implemented to generate reference signal
for the pulse width amplitude modulation strategy.
The PWAM pulses along with shoot through from
fuzzy MPPT, gating pulses are generated for the qZSI.

Viotal

«  _ p* *
Pmml_P1+P2 2 PI/
FLC

1
Vpn D"
Gating
P, 1 ay X m, PWAM Pulses
[P rotar | N

Fig.10 Total grid power control

This paper illustrates the design of FLC and PI
controller for grid side control. The parameters of both
the controllers are presented in the next section.

5. GRID SIDE CONTROL USING PI
CONTROLLER

To maintain the DC link voltage at the required value,
the capacitor voltages Vci and Ve are measured,
summed up and compared with reference Vpn. The
error is fed to a PI controller and Kp and K| values are

tuned to generate the output power reference P:.

These values are selected by using trial and error
method [15]. To control the grid power, the grid

current is measured and compared with current
reference and the error is given to another PI controller
for generating a reference signal to control the
modulation signal of the PWAM. Fig. 11 shows the
Simulink model of grid side controller with PI control.

=N

D — =

E: i

) -
-

=

GRD SI0E CONTROLLER

200

S
Pt Contraller

c1+Vc2)-200 P2NVpgrid
o " o
=

sinwt [

Fig.11: Simulink model of grid side controller

- A\ A A £ / g A f .

Fig.12: Grid voltage and grid current with PI
controller

The grid injected current with peak value of 7.7 A is
obtained. Grid current is in phase with the grid voltage,
thus ensuring unity power factor operation. The grid
voltage, current and multilevel inverter output are
shown in Fig.13.

QUTTVRVEF JRM - GRID vCLTAGS

N
=]
(] 01 0z [z 0% 0% 7.3 03 0 03
GRIDCURRERT

T T T T

= Ry

taPaPe WP W PaWe®
| | |

I |

il 0. 0z (Z 0% 0% x 0 02 04
IVERT=2 QUTFLT

il I T T I

01 01 0z (% 04 0% (x 03 02 034
Tire

Fig. 13: Peak values of Grid Voltage, Grid Current
and Five-Level Voltage
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The grid peak voltage is maintained at 325V, peak grid
current at 7.7A and they are locked in phase with each
other.

6. GRID SIDE CONTROL USING Fuzzy
LoGIC CONTROLLER

FL controller for peak DC-link voltage control has
inputs such as error and change in error. The difference
between DC link voltage reference and sum of two
capacitor voltages Vci and Ve with respect to
reference DC-link voltage is taken as Error input.
Fig.14a and 14b shows the input membership
in error

functions such as error and change

respectively for DC link voltage control.

T T T T T
NM ZE 3 M

A ANAA
WAWAWAW
/\/ \/\/\/
ANARA
/ /\/\/\

I T 1 1

PB

\ /

\/
\
\

5

A

Fig 14a: Error (e) for DC link voltage control

T T T T T I
Nu N3 3 Ps

—
\\ /\ / \ /
/
\ i
/ \ X / \\
VWY
Fig 14b: Change i1-1 Error (Ae) for DC link voltage
control

P
A\

/

Fig. 15 shows the membership functions of the output
variable of DC link voltage controller.
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Fig. 15: Output variable: Power reference

/

The fuzzy rule base for DC link voltage control are
listed in Table 3. Mamdani fuzzy inference system
(FIS) uses fuzzy variables and fuzzy rules to achieve
rule strength. Largest of Maximum (LOM) method is
used to get defuzzified output power reference. The
peak value of grid current reference is obtained from
this controller output. Fig. 16 and Fig. 17 shows the
input and output membership functions of the grid
current control.

Table 3: Fuzzy Rule Base for DC-link Voltage
Control

Change | NB ([NM | NS |PS | PM | PB
in

error

Error

NB NB | ZE NB | NB | NB | NB
NM ZE | ZE NM [ NM | NM | NM
NS NS | ZE NS | NS | NS [ NS
7E NM | NS ZE |ZE | PS | PM
PS PM | PS PM | ZE | ZE | PS
PM PM |PM |PM |ZE |ZE |ZE
PB PB | PB PB |ZE | ZE |ZE

. \

Fig 16(a): Error (e) for grid current control

\
\

/ / —
KW/ \

/ \

f A

Fig 16(b): Change in Error (Ae) for grid current
control

Fig. 17 shows the membership functions of the output
variable of DC link voltage controller.
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The surface view of the fuzzy rule base for grid current

control is shown in Fig. 18.
\

ws we

Fié.17: Output variable: Modulation iﬁdex

Cutput

ChangelnError 4 B

Fig 18. Fuzzy rule base for grid current control

Fig. 19 shows the Simulink diagram of grid side fuzzy
logic controller.

=
=1
S

= Contaller2

e
EF—»] QQQ
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i
fon VrePa2Npgrid
Fuzzy Logic Product

e

sinwt

MATLAB Functiond

MATLAB Funclons ot

Fig 19: Simulink diagram of grid side fuzzy logic
controller

The grid injected current of 7.528 A peak is obtained.
Grid current is in phase with the grid voltage, thus
ensuring unity power factor operation. Fig. 20 shows
the grid voltage and current waveform.

The peak value of grid voltage is obtained as 325 V
and peak grid current is obtained as 7.53A. The grid
voltage and current are locked and in-phase with each
other. other. Fig.21 shows the peak values of grid
voltage, grid current and five-level output waveform.

Fig 20: Grid voltage and grid current with FLC
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Fig 21: Peakvalues of Grid voltage, Grid current and
five-level voltage

7. COMPSRISON OF CONTROLLER
PARAMERTS

The parameters of PI controller and FLC implemented
for PV based grid tied five-level qZSI are compared
and results are presented below. Fig. 22 and Fig. 23
represents the THD of grid current obtained using PI
and FLC respectively.

FFT window: 5 of 37.74 cycles of selected signal

5L
o
51
Il Il Il Il Il Il Il Il I
024 025 0.26 027 0.28 0.29 03 031 0.32 033
Time (5)
FFT analy
[Eampling tim = 5a 063 .
Samples per cycle = 4000
DC component = 0.06248
Fundanental = 7.7 peak (5445 rma)
ImD - 5sm
0B (6 0618 s0.0°
10 Hz 0.30% 67.0°
20 Hz 0.07% ATR
30 Ha 0.05% =ien
40 Hz 0.23% 99.8°
S0 H (Fd): 10l008 22"
&0 Hz 0.12% 254.0°
70 Hz 0.15% 114.5°
80 Hz 0.11% 178.6°
90 Hz 0.24% 268.1°
100 Hz  (h2) 0.26% —45.7°
110 Hz 0.12% Bt o
120 Haz 0.18% -11.3°
130 H: 0.07% -62.3°
140 Hz 0.33% 255.6°
150 Hz  (h3): 5.57% bt 5 bl
160 Hz 0.24% 95.5°
170 H; 0.05% 26,87 i

Fig 22: Current THD with PI controller
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FFT window: 5 of 100 cycles of selected signal
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2_80%

(Frd) -
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Fig 23: Current THD with FLC

The comparison of controller parameters are given in
Table 4. The grid current THD is obtained as 5.93%
with PI controller and 3.78% with FLC. The rise time
and settling time of the PI controller are 0.02s and
0.08s respectively. Using FL controller, the rise time
and settling time are found to be 0.016s and 0.05s. The
steady state error is found to be 0.13 for FLC and 0.2
for PI controller. Thus from table 4, it can be inferred
that FLC serves to be the better controller for the
proposed topology.

Table 4: Comparison of Controller Parameters
Parameters | Pi Controller F1 Controller
Rise time, t; 0.02s 0.016s

Settling 0.08s 0.05s

time, ts
Steady state 0.2 0.13
eITOr, s
Current 5.93% 3.78%
THD

8. CONCLUSION

The total power control technique of PV connected
grid-tie qZS multilevel inverter was proposed. The
controllers such as PI and fuzzy logic control were
implemented to compare their performance
parameters.For independent MPPT to each PV array,
fuzzy MPPT was implemented. For grid side power
control , inner current control and DC link voltage

control was implemented using both PI and FLC.The
rise time and settling time of FL. Controller is 0.016s
and 0.05s respectively which is lesser than PI
controller. The steady state error of 0.13 obtained by
FLC is lesser compared to 0.2 of PI controller. The
current THD of 3.78% is obtained while using FL
controller whereas the current THD obtained using PI
controller exceeds 5%. Therefore, while the controller
parameters are compared, in all the aspects,the FLC is
found to be the best suitable controller for PV based
grid-tie five-level qZSI. The results are validated and
discussed.
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