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ABSTRACT

This paper presents the controller design for PV-
rooftop system. This system can operate both standalone
and grid connection modes. The quasi-Z-source inverter
is chosen to convert the electrical power from direct
current to alternating current. Both conventional PI
and proposed fuzzy controllers are designed for the
considered system operating in both standalone and grid
connection modes. The simulation results by using the
SimPowerSystem® in MATLAB and the hardware-in-
loop simulation were used to confirm the effectiveness
of the proposed controller. The results can confirm
that the proposed fuzzy controller can provide the
better performance compared with the conventional PI
controller.
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1. INTRODUCTION

Today, the global warming issue caused by green-
house gases affects to increase renewable energy usage.
The popular choice of renewable energy is the photo-
voltaic (PV) system which can operate in both standalone
and grid-connected modes [1]-[2]. However, the output
power of the PV system is the direct current (DC).
This reason affects that the PV system cannot connect
to the appliances or utility grid directly. Hence, the
inverters is then required to convert the electrical power
from DC to AC. Many types of single-phase inverter
can convert the DC to alternating current (AC) such as
half bridge inverter, full bridge inverter, class-D inverter,
etc. Nevertheless, the power condition of PV system
including the inverter needs to meet the requirement
of high step-up voltage as similar as the buck-boost
converter in the DC power system. Generally, the
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inverters require the high input voltage obtained from the
photovoltaic in series arrays. One type of the inverters
reported in [3]-[6] is the quasi-Z-source inverter (qZSI).
It can be used to perform the lower input voltage
requirement and it can supply the output voltage as
similar as the other inverters. The qZSI was designed
by F. Z. Peng in 2003 in which this inverter absorbs a
continuous constant dc current from the source while the
conventional ZSI draws a discontinuous current. Thus,
the qZSI is suitable for the PV power system and it
was reported with the better performance for the PV
rooftop system. The output power from PV rooftop
system will depend on the environmental conditions
as follows: irradiance intensity and temperature. This
reason results in the output voltage of PV system does
not constant. Thus, the maximum power point tracking
(MPPT) is very important to obtain the maximum power
point (MPP) at any irradiance intensity. To regulate the
output voltage and track the MPP for the PV rooftop
system, the controller design is very important.

The qZSI can divide in two stages operation, shoot-
through and non-shoot-through states, where it can be
used to perform the dynamical model. In this paper, the
proposed model is used for the conventional PI controller
design by using the basic control theory. However,
the response from the conventional controller cannot
provide a good performance. To improve the better
performance, the fuzzy controller is selected to apply in
the considered system. The proposed fuzzy controller
is designed based on both the standalone and grid-
connection modes. The system responses controlled by
the proposed fuzzy controller will be compared with
the conventional PI controller. In addition, this paper
presents the hardware-in-loop simulation to provide the
results which can confirm the ability for the implementa-
tion. The results show that the proposed controller can be
used to regulate the PV rooftop system in both standalone
and grid connection modes. Moreover, the proposed
fuzzy controller can provide the better performance
compared with the PI controller.

This paper is structured in six sections as follows:
the first section is an introduction, and the considered
system will be described in section II. In section III, the
proposed controller design is addressed. The simulation
and hardware-in-loop (HIL) results are reported in part
IV and V, respectively. Finally, part VI is the conclusion
of this paper.
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Fig. 1: Considered system.

2. CONSIDERED SYSTEM

The PV rooftop system connected with the utility grid
is depicted in Fig. 1, It consists of PV arrays, qZSI, filter
circuit, three-phase active load, and AC utility grid.

The proposed system can be operated in two modes.
The first mode is the standalone operation in which the
PV rooftop is not connected with the utility grid. In this
mode, the power from PV rooftop system will be only
supplied to three-phase load via the qZSL

Another mode is the grid-connected operation. The
three-phase load can obtain the power from both rooftop
system and utility grid. However, if the power output
from PV arrays is more than the load consumption, the
remaining power will be fed into the utility grid for sales
with the Electricity Authority.

In contrast, if the power output from PV array is not
sufficient, the three-phase load can be also received the
power from the utility grid. The operational states and
control modes of qZSI are explained as follows:

2.1 Operational states of qZSI network

There are two states of qZSI. The first state is the shoot-
through mode occurring when the inverter’s switches are
short circuit and diode (D) is reverse bias (open circuit)
as shown in Fig. 2(a). Although the voltage across the
inverter is equal to 0 V (v,, = 0V) in this case, the current
from PV arrays can be also supplied to the inverter [7]-
[10]. Another state is the non-shoot-through state in
which it is the normal operation and diode is forward
bias (short circuit) as depicted in Fig. 2(b). Both states
can be operated in order to supply the current toward
the inverter continuously, resulting in uninterrupted load
current operation.

From Fig. 2: the mathematical model of the considered
system can be derived from the equivalent circuit in
both shoot-through and non-shoot-through states. The
variables are defined as follows: L = L; = L, and
C = C; = C,. The period time of shoot-through
and non-shoot-through scenarios are set as Ty, and T},
respectively. In addition, the switching period (T§) can
be calculated by T = T\, + T and the shoot-through duty
cycle (d) is equal to Ty/T;. After the variables are set as
the previous explanations and the basic circuit theory is
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(b) non-shoot-through state

Fig. 2: Operational states of quasi-Z source network.

applied, the dynamical model of the considered system
can be shown in Eq. (1).
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where the state variables are x = [1“ iy D UC2] ,

the input variables are i = [Vm fPN]T, and d.
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Fig. 3: Block diagram of qZSI plant model.

To obtain the plant model of the considered system,
the Laplace transform will be applied to (1) after that the
block diagram of qZSI plant model is illustrated in Fig. 3.
The plant equations of GA. , GA , G - G’L i and G'L

2 b
Ipn O Vin i pn

in Fig. 3, can be calculated by Egs. (2) - (7), respectlvely
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From the plant model of qZSI, it can then be used to de-
sign the controller to operate in both shoot-through and
non-shoot-through states. In addition, these equations
can be also applied to optimize the considered system
parameters in the future.

2.2 Control modes of qZSI

1 can be divided
The block

The considered system from Fig.
into standalone and grid-connected modes.

Table 1: The PI controller parameters for the considered
system.

Stand-alone Grid connected
Parameter
mode mode
DC side K; yea =01 K; ying = —0.001
control K, ved = 0.00468 K, ying = 0.0017
. =20 Kifvcig =-50
AC side Ki ””_ 0.005 K, vc,g —0.344
control Kp_vo =300
K =16 ’ -ig
p_ic =2.1
Ky ig

diagram of qZSI control modes is shown in Fig. 4.
For standalone mode as depicted in Fig. 4(a), it can
be called “constant voltage control mode”. The voltage
across capacitor (v,;) is regulated from the DC side
using the PI controller when the breaker is off. In this
mode, the inverter’s output voltage at AC side will be
also controlled by the remaining PI controller on d-q
axes for the voltage amplitude and frequency regulations.
Another mode is grid-connected mode that occurs when
the breaker is on. The PI controller combined with MPPT
algorithm will be applied, resulting in the MPP from PV
rooftop feeding into the three-phase resistance load 20
Q/phase and utility grid. For AC side control in the grid
connection mode, PI controller will be used to control
only the reference current because the voltage and
frequency have been then synchronized. The controllers
of DC and AC sides in both operation modes are designed
by using the qZSI plant model as shown in Fig. 3. Many
methods can be used to design these controllers such
as phase lead or phase lag compensators, bode plot and
root-locus methods [11]-[13].

For this paper, the root-locus method will be applied
because it can provide a good steady-state error as well
as time domain and transient responses. The deep details
of the root-locus method for the controller design can be
found in [14] and the parameters of PI controllers can
be shown in Table 1. In addition, the parameter values
of the proposed qZSI are set as follows: L = 500 uH,
C =400puF, R =0.03Q,r = 047Q, I;,,g = 99A,
Vin = 130V, M = 0.75, L, = 4mH, C; = 450 uF,

mn
R; =0.039Q, L, = 10 yH, and R, = 0.2 Q.

3. FUZZY DESIGN FOR THE CONTROLLER OF
QZSI

This section is the design of fuzzy logic controllers for
qZSI operating in stand-alone mode and grid-connected
mode. The fuzzy controller regulates the DC side system
instead of the PI controller. The AC side controller of
the considered system still uses a PI controller on the
d-q axis. The control diagram for a quasi-source inverter
connected with utility grid is shown in Fig. 5.
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Fig. 5: Control diagram of a qZSI with fuzzy logic controller. (a) Control for stand-alone mode. (b) Control for grid-

connected mode.

3.1 Fuzzy Controller Design for stand-alone mode

In Fig. 5(a), the diagram shows the qZSI control
structure for stand-alone mode. A fuzzy controller is
used to control the voltage of the capacitor V. The input
value of controller is the error between V,(err,.;) and
the slope value of the V,; error (err_rate,,;). The output
from the controller is the shoot-through duty rate (d;).

The fuzzy controller design of qZSI for stand-alone
mode uses triangular input membership function and
straight-line tone output membership function as shown
in Fig. 6(a) and 6(b), respectively.

The linguistic design of the error input member
function determines three linguistic values: “neg”, “zero”,
and “pos” as depicted in Fig. 6(a). The linguistic value
of the error rate output member function is determined

Table2: Fuzzy rules for regulating the voltage value
accross capacitor (V).

error

K

s neg zero pos

5 neg rate | dec | inc | inc

S zero_rate | dec | cons | inc
pos_rate | dec | dec | inc

3 linguistic values. It consists of “neg_rate”, “zero_rate”,
and “pos_rate” as implicitly shown in Fig. 6(b). Thus, the
number of possible fuzzy rules for control is 9 (3x3=9).
The fuzzy rules are shown in Table 2.

From the fuzzy rule in Table 2, when the input
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Fig. 6: The membership function for the proposed fuzzy
controller.

error value is negative and the input error rate is any
value, the output value must be adjusted to reduce the
shoot-through duty rate according to Rules 1-3. In
addition, when the input error value is zero and the input
error rate is positive, zero, or negative, the output value
follows rule 4, 5, or 6, respectively.

In case of the input error value is positive and the
input error rate is any value, the output value must be
adjusted shoot-through duty rate incremented according
to Rules 7-9. The fuzzy rules for controlling the voltage
of a capacitor can be summarized as follows:

Rule 1  TIF error = neg AND error rate = neg_rate
THEN d, = dec

Rule 2 TF error = neg AND error rate = zero_rate
THEN d, = dec

Rule 3 IF error = neg AND error rate = pos_rate
THEN d, = dec

Rule 4  TF error = zero AND error rate = neg_rate
THEN d, = inc

Rule 5 IF error = zero AND error rate = zero_rate
THEN d, = cons

Rule 6  IF error = zero AND error rate = pos_rate
THEN d, = dec

Rule 7 TF error = pos AND error rate = neg_rate
THEN d,, = inc

Rule 8 IF error = pos AND error rate = zero_rate
THEN d, = inc

Rule 9  TF error = pos AND error rate = pos_rate
THEN d, = inc

After the input of controller has been evaluated with

Table 3: Fuzzy rules for regulating input voltage (V;,,).

error

neg zero pos
neg _rate | inc | dec | dec
zero_rate | inc | cons | dec
pos_rate | inc | inc | dec

error rate

Table 4: Membership function for stand-alone mode.

Input error member function position
Xp | Xy | X3 | X4 | X5 | Xg X7
-5 0 | -5 5 5 0 5
Input error rate member function position
X1 | X | X3 | X4 | X5 | Xg X
-2 0 | -2 2 2 0 2

Output member function position
Y1 Y2 Y3
-0.2 0 0.2

fuzzy rules, the output is then calculated via the weighted
average (WA) defuzzification method, a Takagi-Sugeno
fuzzy inference [15]-[18]. This method is very simple for
implementation. The positions of the input and output
member functions can be determined by relationship of
the considered system.

3.2 Fuzzy Controller Design for grid-connected
mode

The control diagram for the grid-connected mode is
depicted in Fig. 4(b). The input voltage (v;,) is controlled
by a fuzzy controller in which it is the voltage at the
maximum power point of the solar arrays using the
MPPT algorithm. The input voltage error value (err,;,)
and the difference of error values (err_rate,;,) are the
fuzzy controller’s inputs. The output of fuzzy controller
is shoot-through duty (d). The grid-connected mode
of a fuzzy logic controller for qZSI uses a triangular
input member function and a straight-line tone output
membership function. For this case, the linguistic design
of the error rate input has 3 values and the linguistic
value of the error rate input member function has also 3
linguistic values as well. As a result, there are 9 possible
fuzzy rules (3x3=9) as shown in Table 3.

From the fuzzy rules for regulating the input voltage,
the 9 rules are given in Table 3. When the input error
value is negative and the input error rate is any value,
the output d must be adjusted with shoot-through duty
increments according to Rules 1-3. When the input error
value is zero and the input error rate is negative, zero,
or positive, the output value follows rule 4, 5, or 6,
respectively. In addition, when the input error value is
positive and the input error rate is any value, the output
value must be reduced shoot-through duty according to
rule 7-9. The fuzzy rules for controlling the input voltage
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Fig. 7: Simulation model for the qZSI.

Table 5: Membership function for grid-connected mode.

Input error member function position
Xp | X | x3 | x4 | x5 | X¢ X7
-50 0 -50 | 50 | 50 0 50
Input error rate member function position
X1 X X3 Xy X5 Xg X7
02| 0 |-02]02(02]| 0 0.2

Output member function position

V1 b2 V3
0.18 0.2 0.22

can be summarized as follows:

Rule 1 IF error = neg AND error rate = neg_rate
THEN d = inc

Rule 2 TF error = neg AND error rate = zero_rate
THEN d = inc

Rule 3  IF error = neg AND error rate = pos_rate
THEN d = inc

Rule 4  IF error = zero AND error rate = neg_rate
THEN d = dec

Rule 5 IF error = zero AND error rate = zero_rate
THEN d = cons

Rule 6  TF error = zero AND error rate = pos_rate
THEN d = inc

Rule 7 TF error = pos AND error rate = neg_rate
THEN d = dec

Rule 8 IF error = pos AND error rate = zero_rate
THEN d = dec

Rule 9 TF error = pos AND error rate = pos_rate
THEN d = dec

The member function positions of the DC side fuzzy
logic controllers for the qZSI in both stand-alone and
grid-connected modes are shown in Table 4 and Table 5,
respectively. The position of the membership function
is obtained via trial-and-error method. The stand-alone
mode input and output member function position shape

is determined by the relationship between capacitor volt-
age and the shoot-through duty while the grid-connected
mode is determined by the relationship between the
voltage of the solar arrays and shoot-through duty.

4. SIMULATION RESULTS

According to Section 2, the locus-root approach was
used to design the conventional PI controller for a qZSI,
and the parameters of this controller are derived as
indicated in Table 1. In addition, the fuzzy controller is
designed for qZSI as provided in Section 3.

The SimPowerSystem® simulation was used to evalu-
ate the control performance. The simulation determines
that the system frequency of 50 Hz, the grid voltage
120V, and the capacitor reference voltage V| = 340 V.
The SimPowerSystem® model for both stand-alone and
grid-connected modes are shown in Fig. 7.

The conditions for the simulation in both stand-alone
and grid-connected modes were set by changing the
irradiance from 1000 W/m? to 600 W/m?, and 800 W/m”
at 0.3 and 0.5 s, respectively.

For the stand-alone mode, the simulation results are
given in Fig. 8. The voltage across capacitor is set equal
to 340 V. The PI and the fuzzy controllers can regulate
the capacitor voltage with the different irradiance. When
the irradiance is varied suddenly, the transient response
of the capacitor voltage demonstrates that the fuzzy
controller can quickly reach into the command value.
Moreover, the overshoot from the conventional PI con-
troller is more than the proposed fuzzy controller. The
results show that the fuzzy logic controller can provide
better performance of the capacitor voltage of qZSI than
the PI controller.

The simulation results of grid-connected mode are
shown in Fig. 9. When the irradiance is changed, the
voltage of the solar arrays (v;,) will be also changed
equal to the voltage at the maximum power point of
the solar arrays (v, Umpp)-  The oscillation of
Ppy is from the MPPT calculation. In this paper, the
incremental conductance approach is used as the MPPT
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Fig. 8: Simulation results of stand-alone mode.
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Fig. 9: Simulation results of grid-connected mode.

algorithm. Fig. 10 shows the power response comparison
at different irradiance between the fuzzy controller and
the PI controller. The response of the system regulated
by PI controller is the black line in which the grey
line is the system response controlled by the Fuzzy
logic. The responses shown that the fuzzy controller can
perform the better power response, more efficient and
fast response time than the PI controller. As a result, a
higher power output of the solar arrays can be achieved.

Moreover, the V,; = 340V and V,,;,; = 120V,
corresponding to the reference voltage is defined. The
current produced by the qZSI in grid-connected mode is
higher than stand-alone mode because of the MPPT for
solar arrays to achieve a higher power production. The
load and grid are fed by the inverter current as shown
in Fig. 9, which shows that the proposed controller
can control a qZSI in grid-connected mode with a good
performance.

= PT controller
Fuzzy controller
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Fig. 10: The output power of the solar arrays of the qZSI in
the grid-connected mode.

Fig. 11: HIL simulation connection.

5. HIL SIMULATION RESULTS

Practically, the results simulated by SimPowerSys-
tem® in MATLAB are not sufficient to confirm the per-
formance of the proposed controller. To ensure that the
proposed controller design for qZSI can be implemented
in the microcontroller board, the hardware-in-loop (HIL)
simulation will be used. In addition, HIL simulation can
confirm that the system can operate by the proposed
controller without the failure of practical conditions. In
this paper, the eZdspTMF28335 was used to program
the proposed controller in which this bord will be
used to simulate along with the SimPowerSystem® in
MATLAB. The connection between eZdspTMF28335 and
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Fig. 12: HIL simulation results of stand-alone mode.
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Fig. 13: HIL simulation results of grid-connected mode.

the SimPowerSystem® in MATLAB can be depicted in
Fig. 11.

From Fig. 11, both standalone and grid-connected
modes of the considered system were used as the
same connection between microcontroller board and
MATLAB. In addition, the system parameters for HIL
were set to the same as the simulation results. For the HIL
simulation, the irradiance was changed from 1000 W/m?
to 600 W/mz, and 800 W/m? at the time instants 0.3 and
0.5 s, respectively. In this scenario, the reference voltage
across the capacitor (V]) was set equal to 340 V and the
reference output voltage of inverter (v, ,) was defined at
120V,,,;. The results of standalone and grid-connected
modes are illustrated in Fig. 12.

From Fig. 12, the V,; can be regulated at 340 V in
any irradiance by using the proposed controllers while
the stand-alone mode is operated. For this mode, the
fuzzy controller can provide the better performance in
transient response compared with the PI controller at the
time equal 0.3 and 0.5 s.

—— PI controller
Fuzzy controller
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Fig. 14: Output power comparison of PV arrays grid-
connected mode between PI and fuzzy controllers.

In addition, the proposed controllers can be used
to control the qZSI in the mode of grid-connection
as depicted in Fig. 13. The V| can be controlled
with the combination between the MPPT algorithm and
the proposed controllers for tracking the MPP from
PV arrays. In the grid-connection mode, the lower
oscillation and faster response of V,; can be achieved by
the fuzzy controller. Moreover, when the output power
from PV arrays (p,,) is considered, the better response of
Ppy can be also provided by the fuzzy controller as seen
the zoom area of p,,, response in Fig. 14.

As for the HIL results in both mode operations, it
can confirm that the fuzzy controller can provide the
better performance compared with the conventional PI
controller.

6. CONCLUSION

This paper presents a PV-Rooftop system operated
in both stand-alone and grid-connected modes. The
fuzzy logic controllers for the considered system used the
triangular input membership function and the tone bar
output membership function. There are 9 fuzzy rules for
3linguistic values. The membership function position of
the fuzzy logic controller design was determined via trial-
and-error approach. This is based on the relationship
between the input voltage and shoot-through duty. The
designed PI and fuzzy logic controllers were tested
using simulation to verify the controller performance.
According to simulation and HIL results, the proposed
fuzzy controller can efficiently regulate the Quasi-Z-
Source Inverter in both stand-alone and grid-connected
modes compared with the conventional PI control.
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