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ABSTRACT:

Conventionally, the single-stage grid-connected PV inverter needs a large PV-side electrolytic capacitor to suppress the double-
line frequency current ripple to keep the PV operating at maximum power point (MPP). However, the short lifetime electrolytic
capacitor will reduce the PV inverter’s reliability dramatically. In order to overcome the above problem, a novel battery current-
sharing power decoupling (BCSPD) method for hybrid photovoltaic (PV) power systems is proposed in this paper. The proposed
BCSPD circuit is parallel-connected with the string PV module to achieve as a single-stage topology. Thus, a high power
conversation efficiency can be obtained. The current-injection method is adapted to solve the current ripple problem. Therefore,
the required capacitance in PV side can be greatly reduced, so long-life film capacitors can be used instead of electrolytic capacitors.
In addition, the battery storage system with the droop control is also used to realize the power regulation function to meet the
requirements of actual applications. A 1200 W prototype was designed and implemented to assess the system performance.
Experimental results show that the proposed system can track MPP, regulate the load power condition, and reduce current ripple.

INDEX TERMS: Current-Shared; Maximum power point tracking; Photovoltaic power system.

l. INTRODUCTION

In recent years, the grid-connected photovoltaic (PV) power system has been developed dramatically and gradually
forms a considerable part of the main grid because of the environmental concern and continuous depletion of fossil
fuel reserves. Conventionally, string of PV modules is serially connected to a high enough voltage and connected to
a PV inverter (i.e., a grid-connected PV inverter). The traditional PV inverter is divided into single-stage and twostage
[1-5]. The single-stage PV inverter has a high-power conversion efficiency as shown in Figure 1. Unfortunately, the
single-stage PV inverter has a double-line-frequency current ripple in the PV side [6,7]. In order to briefly describe
the double-line-frequency current ripple phenomenon, assume that the grid voltage (t) and the injected current iO(t)
are given as (1) and (2).

Vo () =V, cos(wyt) (1)
io(t) = I cos(w,t) (2)

Where w0 is the line frequency, Vm is the line peak voltage, and I is the injected peak current. The instantaneous
output power (t) can be shown as (3).

1 1
Po(t) = vo(t) X ig(t) = Ele' +§Vm1 cos(2wot)  (3)
By ignoring the losses in the inverter, the power generated by the PV panel will be equal to the output power (t). This
means that there is a significant and huge double-linefrequency ripple current in the PV panel. Therefore, the operating
point cannot be maintained at the maximum power point (MPP) as shown in Figure 2. This results in a significant
reduction in PV panel output power.
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FIGURE 1. The single-state PV inverter
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FIGURE 2. The effect of ripple current on (a) VI curve and (b) VP curve

A usual solution to reduce the double-line-frequency current ripple is to use a large electrolytic capacitor (i.e.,
decoupling capacitor Cpv as shown in Figure 1) at the DC link to buffer the ripple power. However, the short lifetime
electrolytic capacitor will reduce the PV inverter’s reliability dramatically, and weight and volume are obviously
increased. Thus, the two-stage topology, as shown in Figure 3, was used to avoid the current ripple problem at the PV
side [8-10]. However, the cost, weight, volume and efficiency of a two-stage topology are worse than that of a single-
stage topology. Furthermore, the typical two-stage topology cannot comply with the European standards EN50160,
which stipulate that the low frequency voltage pulsation of the DC bus voltage should be kept within the range of 2%.
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FIGURE 3. The two-stage PV power system

In the other method, active decoupling circuits connected at the PV side or AC side were proposed to sink the ripple
current [8,11-15]. This kind of active power decoupling technique utilizes auxiliary power electronic circuits to
pump/sink the ripple power into small film capacitors which can be used to replace the large electrolytic capacitor.

Although active power decoupling techniques can effectively suppress the ripple current, they increase circuit
complexity and cost.

In reality, sunlight is not constant, and the loads and PV power are often mismatched. When much more energy being
is produced in the PVs than is being consumed by the loads, the grid will fluctuate [16]. The droop control PV inverter
was used to overcome this problem [17,18]. However, generated energy of the PV modules is wasted. Therefore, a
hybrid PV power system (i.e., grid-connected PV inverter with battery storage system), shown as Figure 4, was
suggested to store the extra power in the battery and then smoothly inject power to the grid to solve this problem
[19,20]. Battery storage systems assist in performing one or more important tasks such as (i) smoothing power

fluctuation [21,22], (ii) shift peak generation period, and (iii) protection during outages when installed along with
large PV generation.
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FIGURE 4. The hybrid PV power system

In this paper, an active decoupling function tries to be realized by using a battery storage system, then the DC/DC
converter in a conventional hybrid PV power system can be eliminated. Thus, a hybrid PV power system with
singlestage topology can be realized to reduce the power conversion loss. In addition, the battery storage system with
the droop control is used to realize the power regulation functions. Experimental results show that the proposed method
can really track the MPP of the PV modules, regulate the load power, reduce the current ripple, and reduce the circuit
components and cost as we wanted.

1. SYSTEM DESCRIPTION

The presented battery current-sharing power decoupling (BCSPD) circuit is mainly constructed by a bidirectional
dc/dc converter and parallel-connected with the PV modules and the PV inverter, as shown in Figure 5. Compared
with the traditional hybrid PV power system as shown in Figure 4, We can see that the DC/DC converter can be
eliminated and there is only a single power stage between PV modules and load in the proposed system. So, the single-
stage hybrid PV power system is achieved by using the proposed methods. The presented BCSPD circuit is composed
of an input capacitor Ci , two power MOSFETs 1 Sand 2 S, an inductor L and an output capacitor Co . Diodes D1
and D2 are the body diodes of power MOSFETs 1 Sand2 S .
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FIGURE 5. The block diagram of the proposed BCSPD circuit for PV power applications

Figure 6 shows the waveforms of the proposed BCSPD circuit. Note that the gate-source voltages Vgsl and Vgs2 are
complementary and circuit works like a synchronous switching buck/boost converter. The duty cycle of the inductor
voltage is controlled by the gate-source voltages Vgsl and Vgs2. The inductor current of the bidirectional dc/dc
converter L i can be written as (4) according to Volt-Second balance law.

_ VPI r D - ]’rb

Iy

where

Vpy is the voltage of the PV modules,

D is the PWM duty ratio of the bidirectional dc/dc converter,
V is the average battery voltage (V),

Fs is the switch frequency (Hz), and

L is the inductance (H).

1351



Turkish Journal of Computer and Mathematics Education Vol.9 No.3(2018),1349-1361
Research Article

The regulation current cr i is the input current of the proposed BCSPD circuit. According to a typical buck converter
theory, the input current is the D times of the inductor current. Thus, the regulation current cr i can be defined as
D _ I')P[.'D _Vb . D

L7, (3)

lep =11

From (5), we can know that the regulation current cr i is positive to charge battery When D > (Vb / VPV). Oppositely,
the regulation current cr i is negative to discharge battery when D < (Vb /VPV).
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FIGURE 6. The waveforms of the proposed BCSPD circuit

From (2), the proposed BCSPD circuit can be viewed as a controllable current source. The dc/ac inverter with load
can be view as a variable current load and shown as
-i -(I - cos2we‘)

i (f)— Vo,rms " lo,rms
nv -

(6)

Vpy
Where,
VPV is the PV module output voltage (V),
Vo,rms is the rms values of the AC bus voltage (V),
lo,rms is the rms values of the inverter injecting current (A), and

® is the grid frequency.
Thus, the simplified model can be plotted as Figure 7. In which, the model of PV module equals a PN junction
semiconductor when sunlight can produce a current source PV | .
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FIGURE 7. The simplified model of the proposed BCSPD circuit for PV power applications

Figure 8 shows the flowchart of the proposed system. First, the root-mean-square (rms) of the grid voltage o,rms v is
measured. Then the rms value of the injecting current * o,rms i can be decided by the droop control method to realize
the power regulation.

1. DESIGN CONSIDERATION
There are two kinds of current ripple influence the MPPT. One is the PWM switching current ripple (i.e., high
frequency current ripple) from the BCSPD circuit, the other one is the twice utility frequency current ripple (i.e., low
frequency current ripple). In order to reduce the high frequency current ripple, the input capacitor Ci is used, and its
value can be decided by

I

(-\ > Cr, max

T2V re f

where r is the ripple factor.

In order to ensure that the proposed BCSPD circuit can provide the required compensation current of the low frequency
current ripple. The small signal analysis is used to check the system control loop stability and frequency response.
Figure 11 is the control loop of the proposed system. In which, the T (s) p, T (s) ¢, and f k are the transfer functions
of the bidirectional converter, the compensation circuit and the feedback gain. The transfer function T (s) p can be
written as

re)=sb L, st
Py = v z
Voo (5) AT rLC|s? s g4 2O
LG, YR Te)

where

Vb~ is the small signal of the battery voltage (V),
Vr is the sawtooth waveform with amplitude (V),
Ib is the average battery current (A),

Sr is the internal resistance of the battery (Q2), and

Ci is the input capacitance of the bidirectional DC/DC converter (F).
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FIGURE 9. The control loop

Zero: f}p_: = pu (10)
(11)

Pole: fio 1=
(12)

Jip_p2=

According to (10)—(12), the bode plot of the open loop transfer function can be drawn clearly, as shown in Figure 12.
Obviously, there is a phase shift Pr at the ripple current frequency r ac f = 2 f . In order to reduce the phase shift to
zero, the lead compensation circuit as shown in Figure 13 is used. In order to simplify the mathematical formulas and
circuit diagrams, resistors and capacitors with the same resistance value or the same capacitance value are represented
by the same component numbers. The transfer function of the lead compensation circuit can be defined as (13). In
Figure 13, resistors R1, R2, R3, capacitor C1, and operational amplifier OPAL create a zero frequency, as shown in
Equation (14), and a pole frequency as shown in Equation (15), and its gain is shown in Equation (17). The resistor
R4 and capacitor C2 and operational amplifiers OPA2 and OPA3 create a pole frequency as shown in Equation (16).

( _[ R> 1+8R,C,
TR 4R,
1+7152) (HSM {1+ 8R,C5)-(1+SR,C,)
\ R;+R - B

2

The zeros, poles and gain of the lead compensation circuit can be expressed as

1
Zero: fr, =——
€= 2}1'(?‘;1!{1
Pole o= !
e P _?,?ZC}RIRj
R; +R,
1
f1, p2= 22 CoR,
Gain: j, = R,
€ R;+R3
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FIGURE 10. The bode plot of Tp(s)
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FIGURE 11. The lead compensation circuit

The compensation criteria are listen as following:
1.The gain margin and the phase margin should be large than 20dB and 45° to ensure the proposed system is stable.

2.The bandwidth should be larger than r 10 f to ensure the proposed system can track the input current of the PV
inverter.

3.The gain at switching frequency f pwm should be smaller than —20dB to ensure the switching noise is small enough.

4.The phase shift Prof the ripple current frequency should be close to zero to reduce the phase shift error at frequency
rf.

5.To meet these compensation criteria, the frequencies of the zero and poles in the lead compensation circuit can be
set as:

ch‘_: =pr_pI-|

,ch_pf: ,pr_::and

fTL‘_;J_? = pr_pZ

In battery storage systems, there are many battery charging strategies which can be selected. In this design example,
the general variable current charging strategy is used to minimize the control complexity.

V. DESIGN EXAMPLE
In this section, the proposed BCSPD circuit prototype was developed to apply in a 1200 W PV system. Table 1 is the
electrical specifications of the proposed system prototype. The circuit diagram of the BCSPD circuit prototype is
shown in Figure 14. It was mainly constructed by a bidirectional DC/DC converter. The main components and
parameters in the design example are listed in Table 2. A Microcontroller HT66F50 and operational am-plifier (OP

Amp) TLO084 are used as the control unit.
TABLE | ELECTRICAL SPECIFICATIONS OF THE PROPOSED SYSTEM
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FIGURE 12. The configuration of the proposed BCSPD circuit
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TABLE Il MAIN COMPONENTS AND PARAMETERS

Power MOSFETs 5/ and 2 IRF460
Microcontroller HT66FS0
OP Amp TLO84
Filter inductance L 100 uH
Input capacitance G 10 uF
Output capacitance Co 100 uF
Switch frequency S pem 80 kHz
Compensation resistance & 106 kQ
Compensation resistance Ry 10.6 MQ
Compensation resistance R, 2174
Compensation resistance & 1.3kQ
Compensation capacitance €1 0.1 pF
Compensation capacitance 0.01 pF

Research Article

According to (14)—(17) and the component parameter in Table 2, frequencies of the zero and poles in the lead
compensation circuit are

ch_: = pr_pF =15Hz,
ch_pf = pr_: =7.34kHz

fTC _p2 = ,}{-Tp _p2 = 172.98 kHz.

Thus, R1=106kQ, R2=10.6MQ, R3=217Q, R4=1.3kQ, C1=0.1uF, C2=0.01pF are used in the compensation circuit.
In order to reduce the PWM switching ripple current, (8) with ripple factor r = 0.03 is used. The input capacitor Ci
can be obtained as 10uF.

V.

EXPERIMENTS
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A 1200 W BCSPD circuit prototype was realized and shown as Figure 15 to assess system performance. Table 3
shows the used solar panel parameters. The experiment PV array was constructed by five solar panels connected in

series.

I _——————

DC/AC Inverter

BCSDP Circuit

FIGURE 13. The realized 1200 W BCSPD circuit prototype
TABLE Il THE SOLAR PANEL PARAMETERS

Maximum power 230 W
MPP voltage (@ 1000 W/m2, 25 °C 30V
MPP current (@ 1000 W/m2, 25 °C TA
Moedule efficiency 13.4%
Solar cell efficiency 16.4%

Figure 16 is the bode plot of the close loop transfer function. From Figure 16, we can find that the gain margin, the
phase margin and the bandwidth of the realized system are 23.6 dB, 81.4°, and 7.41 kHz. In addition, the gain and
phase shift of the realized system at the ripple current frequency r f are 6.72 dB and —1.33°, respectively. Figure 17
shows the regulation current control signal * cr i and the regulation current cr i with and without compensation. It is
clear that the proposed BCSPD circuit can generate a completely complementary ripple current to reduce the PV
modules current ripple as we wanted.
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FIGURE 14. The close loop bode plot of the prototype
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FIGURE 15. The regulation current control signal i*cr and the regulation current cr i with and without
compensation

In order to measure the voltage and current waveform, a digital 4-channel oscilloscope and three current probes are
used. Figure 18 shows experiment waveforms of the PV power system without the current ripple reducing function.
Clearly, the PV modules has a current ripple that is caused by the DC/AC inverter. The output ripple current of the
PV modules AIPV is 10A and the output ripple voltage of the PV modules AVPV is 70 V. Therefore, the output power
of PV modules is the time-variable value. The operation point of the PV modules does not operate at MPP. Figure 19
shows experiment waveforms of the proposed BCSPD circuit. We can see that the proposed BCSPD circuit can
generate a completely complementary current ripple to reduce the PV modules current ripple from 10 A to 700 mA
and the PV modules voltage ripple from 70 V to 5 V, obviously. The ripple current of the PV modules reduces to 3%
and then the output power of the PV modules is increased.
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FIGURE 16. Experiment waveforms of the PV power system without the proposed BCSPD circuit
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FIGURE 17. Experiment waveforms of the proposed BCSPD circuit

Figure 20 shows the measured waveforms when the prototype works in daytime. Clearly, the average current of the
DC/AC inverter inv i (i.e., 1 A) is smaller than the current of the MPP PV I (i.e., 5 A). We can see that the proposed
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BCSPD circuit works as charger with 4 A. to make the PV modules work at MPP and the current ripple reducing is
also maintained. Figure 21 shows the measured waveforms when the prototype work at night. The current of the MPP
PV 1 is 0 A and the BCSPD circuit works as discharger with —3.5 A to make sure the utility power stability and the
current ripple reducing is also maintained.

8.3msec |

FIGURE 18. The measured waveforms when the proposed BCSPD circuit works in daytime
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FIGURE 19. The measured waveforms when the proposed BCSPD circuit work at night

In order to measure the MPPT performance, a recorder is used to measure and recode the PV operating voltage and
PV operating current. Figure 22 show the MPPT experiment results during the solar panel temperature is about 25 °C
and the solar irradiance is varied in 700 W/m2-800 W/m2 range. The grey lines are the V-P curves of the used PV
panel at solar irradiance = 700 W/m2 and solar irradiance = 700 W/m2 , respectively. The black spots are the measured
operating points of PV. Note to that operating points of PV swings because of the solar irradiance is continuously
varied. Clearly, the MPP is tracked from oscillating by the proposed system. This means that the double-line-frequency
ripple current is eliminated, maximum output power of the PV system is obtained.
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FIGURE 20. The 1200 W BCSPD circuit experiment result under solar irradiance is varied in 700 W/m2-800
W/m2 range
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VI.  CONCLUSIONS

A traditional PV inverter is divided into single-stage and twostage. Although the single-stage PV inverter has high
power conversion efficiency, it has the problem of low-frequency ripple in PV. This causes a decrease in the efficiency
of PV power generation. The two-stage PV inverter can be buffered by a DC bus without the problem of low-frequency
ripple. Therefore, the efficiency of PV power generation is high. However, the two-stage PV inverter has one more
seriesconnected DC/DC converter than the single-stage PV inverter, so the power conversion efficiency is low. In
order to overcome the above problem, a novel CS-MPPT with ripplereducing technology for PV power applications
was successfully proposed in this paper. The proposed system is a parallel-connected structure, so its power conversion
efficiency is as high as that of a single-stage PV inverter. In addition, the proposed CS-MPPT can track the MPP,
regulate the load power condition and reduce current ripple at the same time. Therefore, a high efficiency of PV power
generation is also obtained. In order to assess the proposed system performance, a 1200 W prototype was designed
and implemented. Experiment results show that the proposed CSMPPT with ripple reducing system can generate a
completely complementary current ripple to reduce the PV modules current ripple from 10 A to 700 mA and the PV
modules voltage ripple from 70 V to 5 V, obviously. Thus, the power efficiency of the PV modules is increased as
theorical prediction. The feasibility and excellent performance of the proposed CS-MPPT with ripple reducing system
are verified by experiment results.

A novel BCSPD technology for PV power applications was successfully proposed in this paper. The proposed system
is a parallel-connected structure, so its power conversion efficiency is as high as that of a single-stage PV inverter. In
addition, the proposed CS-MPPT can track the MPP, regulate the load power condition and reduce current ripple at
the same time. Therefore, a high output power of PV power generation is also obtained. In order to assess the proposed
system performance, a 1200 W prototype was designed and implemented. Experiment results show that the proposed
BCSPD circuit can generate a completely complementary current ripple to reduce the PV modules current ripple from
10 A to 700 mA and the PV modules voltage ripple from 70 V to 5 V, obviously. Thus, the output power of the PV
modules is increased as theorical prediction. The feasibility and excellent performance of the proposed BCSPD circuit
are verified by experiment results.
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