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This paper presents a current sensor-less flyback inverter controlled by MPPT for a photovoltaic (PV) small power
system. Although the proposed system has such small output power as 300 Watts, a few sets of PV small power systems
can be easily connected in parallel for the higher output power requirements. When a PV system is constructed by
a lot of small power ones, the total system-cost will become a matter of concern. To overcome this difficult problem,
this paper proposes that no expensive dc current sensor is used in the PV system and the PV current can be estimated
from the PV voltage. This novel current sensor-less flyback inverter is applied to the PV system operated by MPPT,
which shows the satisfactory MPPT-performance as well as the system with a dc current sensor. This paper also treats
the design method and the operation of the unique flyback inverter with center-taped secondary winding. Finally, the
parallel inverter system in which the outputs of the inverters connect each other is constructed, and the experimental
results show that the parallel system gets larger power than the conventional one when the PV array is partially shaded

by buildings.

1 Introduction

Photovoltaic (PV) systems have been developed to
overcome an energy crisis in terms of ecology. The
PV power conditioner in the PV system usually con-
sists of both a dc-dc converter to control the PV volt-
age and a voltage source inverter to connect to the util-
ity ac grid line. As a PV panel or a solar cell panel
can generates rather small electric output power of ap-
proximately 100 Watts per one square meter at the fine
weather condition, the maximum power point tracking
(MPPT) technique is adopted to the PV power condi-
tioner in order to utilize the PV array efficiently.

The PV voltage and PV current are required to
calculate the PV output power for the MPPT opera-
tion. Therefore the expensive dc current sensor is ab-
solutely required, which is the worrisome problem for
the PV small power system. There are a lot of main
circuit configurations for the PV power conditioners
that are suitable for the ratings of less than 1k Watts
as listed in the literature [1-10], Dr. Iida had proposed
a kind of Buck-boost type inverter which has two sets
of ac semiconductor switches to convert dc power to
ac power [4]. However, this proposed inverter requires
two sets of the dc sources of PV arrays, which supply
the positive and negative half cycle current to utility ac
gird line, respectively. This proposed inverter circuit

has been improved to “one dc source type inverter” as
reported in the literature [11-13]. One of the revised
main circuit configurations is named the "flyback in-
verter with center-tapped secondary winding [13]”.

In this paper, the “flyback inverter with center-
tapped winding” is used to prove the operating per-
formance of the newly proposed “current sensor-less
flyback inverter”. The “flyback inverter with center-
tapped secondary winding” is already presented in the
literature [12-14]; however, it is not so familiar that the
features will be summarized as follows; No dc-dc con-
verter is required, as the flyback inverter can directly
convert the specified dc power to ac power, where the
dc voltage is unrelated to the operation. The main cir-
cuit configuration becomes very simple and the num-
ber of the used power semiconductor switches is less
than that of conventional one, which will contribute to
the cost-reduction of the total system. As the electric
potential of the PV array can be fixed to the ground
potential, there happens no troublesome discharge cur-
rent caused by the static capacity between the PV ar-
ray and the ground, on the other hand, this discharge
current becomes inevitable one, when the conventional
bridge inverter circuit configuration is applied. The
control algorithm is very simple and the open loop con-
trol method is enough for the PV power conditioner.
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There are some problems in MPPT of the conven-
tional PV system. When some pieces of PV panels are
shaded by buildings or clouds, there appear some lo-
cal maximum power points and the function may not
track the true maximum point of power. The paper
which treats the problems of series connected PV cells
in a PV panel has been published in the literature{15-
16]. In this paper, the parallel inverter system in which
the outputs of inverters connect each other is proposed,
and the parallel system may get larger power than the
conventional one when the PV array is partially shaded
by buildings.

The detail design-method of the flyback inverter is
discussed at Section 2 in this paper. For the MPPT op-
eration, the PV voltage and the PV current are required
to calculate the PV output power. The PV current, av-
eraged over half-cycle of the utility grid line, is calcu-
lated from the voltage across the capacitor connected
to the PV array using a digital signal processor (DSP).
Section 3 treats in detail the algorithm for the calcu-
lation including the flow chart. And the problems of
MTTP are discussed, when the PV array is partially
shaded by buildings. The experimental results show
that the parallel system gets larger power than the con-
ventional one when the PV array is partially shaded by
buildings, and the details are shown in Section 4.

2 Center-tapped flyback inverter

2.1 Operation of secondary center-tapped flyback
inverter

Fig. 1 shows a main circuit configuration of the proto-
typed PV power conditioner. The flyback inverter con-
sists of three IGBTs, two diodes and a flyback trans-
former with center-tapped secondary winding. The fly-
back transformer has the functions not only to generate
the ac power but also to isolate between the PV array
and the utility ac grid line for the safety from some
electric accident. The primary winding is connected to
the PV array and IGBT]1, and the gate pulse of which
width is modulated by DSP drives the IGBT1. Two
sets of ac semiconductor switches, which are composed
of IGBT2 and diode D; in series and IGBT3 and D;
in series, respectively, are connected to each terminal
of secondary winding of the flyback transformer. They
can switch reciprocally and synchronously with the po-
larity of the utility ac grid line. The switching sequence
and waveforms are shown in Fig. 2.

Fig. 1 shows the operating modes of the flyback
inverter with center-tapped secondary winding. The
mode 1 is defined for the situation where IGBT1 is in
on-state and all other IGBTs are in off-state and the
stored energy in C; is discharged to the utility ac grid
line, while the polarity of C; is synchronized with that
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Figure 1: The circuit configuration and operation

modes of flyback inverter with center-tapped sec-
ondary winding

of the utility ac grid line. The mode II is defined for
the duration when IGBT2 is in on-state and all the
rest are in off-state implying that the stored energies
in T and C; are released to the utility ac grid line giv-
ing the positive polarity. The mode I and mode II are
switched alternately at the high switching frequency
during the positive half-cycle. The envelope of the
peak current through the primary winding of the fly-
back transformer is so modulated as to be sinusoidal
by the pulse-width modulation (PWM) gate pulse of
IGBT1 and also is in phase to the utility ac gird line
voltage. The mode III is for the negative half-cycle
polarity. The mode I and mode III are switched alter-
nately at the high switching frequency during the neg-
ative half-cycle. The current flown through IGBT1 is
controlled just same as that described above excepting
in the duration of the negative half-cycle of the utility
ac grid line.
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2.2 Design of inductance

As the inductances of the windings of flyback trans-
former affect the performance of the inverter so strong
that the careful design is required. In the following
analysis, it is assumed that the transformer is the ideal
one and has the equivalent magnetizing inductance of
L,, in the primary side as shown in Fig. 3. As the tumn
ratio between the primary and the secondary winding
of the flyback transformer is just two, the inductance
between each terminal of secondary winding and cen-
ter tap terminal becomes equal to L,,. Fig. 4 shows
how the current in the magnetizing inductance of Ly,
excurses in the discontinuous current mode or DCM.
The "Ip” is defined as the crest value of the enveloped
peak current in L,,, when the inverter operates at the
rated full power of Poyr and the summation of zon
and toFF is just equal to the duration of 1/(2Nf) at the
crest current point, where, f is the utility grid line fre-
quency and N is the total number of the switching pe-
riods during the half cycle 1/(2f). Using these letter
symbols, the ton and torr of IGBT1 can be expressed
as
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Figure 4: Inductor current mode at DCM
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Figure 5: Waveforms of the switch current, the induc-
tor current in L,, and the capacitor voltage during the
k-th switching period

LnlIp
t, =
OFF = 7 - @)
where, V¢ is the RMS value of utility grid line voltage
and v¢ is the capacitor voltage of C;. Using eqns. 1
and 2, the L,, is expressed as

_ V2Vacve
2N fIp(ve +vV2Vac)
On the other hand, the rated maximum output power
Poyr is expressed as

©)

m

N
Pour = fLul} Y sin>6(k) @
k=1

where, 6(k) is given by kn/N. By substituting eqn. 4
into eqn. 3, the inductance is finally given by
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L, = V2VEYN sin?8(k)
2N f (v +V2Vac)?Pout

2.3 Calculation of switch-on duration

As shown in Fig. 5, the enveloped peak current in the
magnetizing inductance of L,, during the arbitrary k-th
switching period is expressed as

iL,en(K) = Ipsin{8(k— 1) +2nf1}  (6)

where, t is the time from the start point of the k-th
switching period in second.

As 2mft is small value, if,, eny(k) is approximated
as

il env(k) ~ Ip{sin®(k — 1) + 2nft cos®(k— 1)} (7)

On the other hand, the switch current through the
IGBT!1 during the k-th switching period is expressed
as

. _vc=Va ve—Vin\ R,
lsw(k) = R + ( R, ) e 8)
where, V;;, is the threshold voltage of IGBT1, R; is the
slope-on-resistance of IGBT1.

Ast is small value, isw (k) can be approximated as

. ve -V,
isw (k) ~ C—Lmt—ht )

When the intersection of isw(k) and if,, en(k) is
set to the switch-on period, we obtain the pulse width

ton (k) of the k-th switching pulse by.solving from eqns.

7and 9 as

Ipsin®(k—1)
(vc - V,h)/Lm - anIPCOSG(k — 1)

ton(k) = (10)

3  Maximum power point tracking in parallel PV
system

3.1 Maximum power point tracking without current
sensor

As the PV array has the non-linear characteristics on
the power versus voltage (PV) chart, the linear con-
trol theory cannot be applied to extract the maximum
electric power from the PV array. The perturbation
and observation method is often used for the maximum
power point tracking (MPPT) in many PV systems.
In this method, the operating points move toward the
maximum power point by the periodically controlled

L
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isw, Qsw
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tic.Qc Ti,,,
ipv,Qpv

Figure 6: Equivalent circuit of flyback inverter (pri-
mary side only)

increase or decrease of the PV voltage. Usually, the
maximum point is tracked by increasing or decreasing
the duty ratio of on-state of the switching device. In
the conventional system, it is required to calculate the
PV output power, which is given by the product of the
PV voltage and PV current. The PV current is usu-
ally detected by using the expensive dc current sensor
and the alternative means to measure the dc current is
desired for the cost-reduction. In this paper, it is pro-
posed to calculate the PV current from the PV voltage
as described below by the aid of digital signal proces-
sor (DSP) in the real time. It is paid attention that the
PV current of ipy consists of the summation of the ca-
pacitor current of ic and the switch current of isy as
shown Fig. 6.

ipy =ic+isw (1n

When the eqn. 11 is integrated in the interval Tsw
of a switching period, we get followings as

Tsw Tsw Tsw
/0 ipydt =[) icdt+/ iswdt (12)
0

The ipy (k) is defined as the averaged current of
ipy (k) in the interval Tgw, and the total amount of the
electric charge which flows out from the PV array dur-
ing the k-th switching period is defined as Qpy (k) and
expressed as

Tsw -
[ im®de =0 =i (0Tw  (3)

In the same ways,

/ M eWdr = 0c) = e Tsw  (14)
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Tsw -
[ iswd = 0ol = Tow (0Tow 15

Where, the Qc(k) and Qsw (k) are defined as the
total amount of electric charges stored in the capaci-
tor of C and flown through the switch of SW during
interval Tsw, respectively. Fig. 6 shows the capacitor
voltage and the switch current waveforms during the
k-th switching period. When the vc(k — 1) and ve(k)
are defined as the capacitor voltages at the ends of the
(k — 1)-th and the k-th switching periods, respectively,
the relation between these capacitor voltages and the
electric charge of Qc(k) is expressed as

/orswicdt Oc(k) ~ C{ve(k) —ve(k—1)}  (16)

The averaged capacitor current during the k-th switch-

ing period is given by

ic(k) =

QTC_(k) ~ fswC{ve(k) —ve(k—1)}  (17)
SW

The average current of I¢ is expressed as

2

Ie= 12 () = 2fc):{vc(k —vc(k—1)} (18)

It can be is assumed that the switch current is com-
posed by the magnetizing current in the flyback trans-
former. When the capacitor is so Jarge that the fluctu-
ation of the capacitor voltage during the switching pe-
riod can be neglected, the switch current is expressed
as

k
isw (k) ~ %t (19)
where, 0 <t <ton(k) (20)

The relation between the electric charge and the
switch current is expressed as

sw(k)dt ~ re®) (k) (21

Tsw
Osw (k) = /0 oL,

From eqn. 15, the averaged switch current during
the k-th switching period is expressed as

sw(k) = QL(") ~ fw va(:) on(k) 22

The average sw1tch current of Isw is obtained as

1 &

Finally, the average PV current of Ipy can be esti-
mated as

~ Z ve(k)By(k)  (23)

Mk_

Iy = Ic+Isw
N
= 2fCZ{Vc(k)—vc(k—1)}
+ L—Zvc V135 (k) (24)
m p—1

If the capacitor is so large that the fluctuation of
the capacitor voltage during a switching period can be
neglected, the PV current can be expressed as

Iy = — ): ve(k)t5y (k) 25
Ly, k=1

Fig. 7 shows a flowchart of the interrupt routine
for the current estimation and MPPT. The differences
between the conventional MPPT and the proposed one
are the detection of the PV current and the controller
of the duty ratio. To track the maximum power point,
the PV output power is controlled by the duty ratio of
the dc-dc converter in the conventional system. How-
ever, the duty ratio controls the waveform of the out-
put current too and a pulse train in one cycle of the
grid frequency is determined to keep the waveform of
the output current sinusoidal in our proposed system.
Therefore, the sampling rate of MPPT must be syn-
chronized to the utility grid line frequency. To control
the output power under these conditions, each duty ra-
tio of the pulse train is calculated by multiplying a load
factor to each duty ratio of the pulse train at the rated
power. The sampling number k is used for the switch-
ing of IGBT1 and the sampling period is 104 us in our
experiment. On the other hand, the sampling number
n is used for the MPPT operation and the sampling pe-
riod is half cycle of the utility grid line. The process
is as follows: At the beginning of it, the PV voltage is
detected through the A/D converter. By using the de-
tected voltage, ic(k) and isw is calculated. When the
switching number k is equal to N, the MPPT routine
works. The arbitrary n-th of Ipy calculated by eqn. 24
is expressed as Ipy (). The n-th average PV voltage is
averaged the voltage of vc(k) over the half-cycle of the

utility grid line as

Vev(n Z ve(k) (26)
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Figure 7: Flowchart of the interrupt routine for the current estimation and MPPT

The PV output power Ppy (n) is delivered by multi-
plying the average PV voltage Vpy (n) to the estimated
PV current Ipy (n). The processor DSP comparers the
power Ppy (n) to the Ppy (n— 1) that were calculated at
the previous sampling. To get larger power than that at
previous sampling, the load factor D(n) is determined
to increase or decrease AD, which is expressed as a(n),
based on the one at the previous sampling a(n — 1).
The load factor D(r) is expressed as

D(n) =D(n—1)+a(n). 2n
In order not to distort the sinusoidal output wave-
form of the inverter, the sampling period coincides
with the cycle of the grid frequency. Eqn.10 gives
the pulse width of an arbitrary main switching pulse
at the full load condition. However, to control the out-
put power, each toy (k) is multiplied by the load factor
D(n) on every half-cycle of the utility grid line.

3.2 Maximum power point tracking influenced by
shade

Fig. 8 shows two sets of PV array, where each set
of PV array consists of three PV panels connected in
series and each panel has the maximum output power
rating of 109W. In Fig. 8, one of the panels of PV2

is shaded by buildings. To investigate the partially
shaded characteristics of PV array, the power versus
voltage (P/V) characteristics of PV1 and PV2 are mea-
sured as shown in Fig. 9. It can be seen that the output
power of PV2 is lower than that of PV1, as PV2 is par-
tially shaded. PV1 has the maximum power point of
200 W (peak C) and on the other hand, PV2 has only
120 W (peak D). When PV1 and PV2 are connected
in parallel, it can be seen that the total maximum out-
put power becomes not 320W but 250 W showing two
peaks A and B on the P/V curve as seen in Fig. 9. As
the conventional operation of perturbation and obser-
vation method will start from the open voltage or high
voltage of PV array, MPPT can only detect the first
peak point B or local maximum point on the P/V char-
acteristic curve. It means that the PV system can only
deliver the output dc power of 200 W.

If each PV array has an inverter which is equipped
an individual function of MPPT, the power 320W can
be obtained. To equip the individual function of MPPT,
the system has to have plural dc-dc converters or plu-
ral inverters. As these systems are used in parallel, the
cost and the reliability are strongly demanded. There-
fore, the proposed current sensor-less flyback inverter
is suitable for these usages.
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4 Experimental Results

Fig. 10 shows our experimental system configuration.
Three photovoltaic arrays are used as the input source
of each inverter and the rated power of each PV array
is 327W. The TI TMS320C31 DSP is used to calculate
the PV current, track the maximum power point, con-
trol the whole power system and calculate each pulse
width of IGBT. The data of pulse width is outputted
through the digital output port and the data is encoded
to the pulse width by digital circuits on a programmable
logic device (CPLD). In this experimental system, the
voltage and the current of the PV array are detected for
the calculation and the monitoring. The switching fre-
quency of the IGBT1 (9.6 kHz) is synchronized to the
frequency of the utility grid line (60 Hz). The inductor
current operates in DCM. The circuit parameters are
listed in Table 1.

Fig. 11 shows the output voltage, the output current
and the inductor current waveforms of the proposed in-
verter, with the output power of the inverter being 300
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Figure 10: System configuration

W. In Fig. 11a, the waveforms are the simulation re-
sults which are obtained from PSPICE. In Fig. 11b, the
waveforms are experimental results by the prototype
photovoltaic power system. Experimental results are
in good agreement with simulation results. It is found
that the proposed inverter supplies the AC power to the
utility grid line with the power factor of nearly unity.
In order to verify the equations which estimate the
PV current, the PV current which is calculated by the
DSP is compared to the PV current which is measured
by a dc current sensor tentatively connected between
the PV array and the capacitor C;. The calculated cur-
rent data are delivered through the D/A converter that
is installed on the DSP board as shown in Fig.10. In
Fig.12, the upper waveform is the measured PV current

Table 1: Circuit parameters

Ly,Lr,L5 | 300uH || C,,C5 | 4700 uF
L4,Ls,Lg | 300uH || G,Cq 12uF
f 60Hz || Vic 100V
N 80 || fiw 9.6kHz
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Figure 11: Output voltage and current, and inductor
current waveforms

Ipycs by the dc current sensor, on the other hand, the
lower one is the one that is calculated by eqn.24. On
the initial condition, the capacitor C; is not charged.
When the system is switched on, the current which
charges to the capacitor C) rises on the transient condi-
tion. In this figure, it is clear the both curves are similar
to each other. It is found that there is a little bit of the
delay on the lower waveform caused by the sampling
period of the processor program.

Fig. 13 shows the experimental results of MPPT,
when the PV2 is partially shaded as shown in Fig. 8.
The upper waveform indicates the behavior of MPPT
by the parallel inverters which have the function of the
individual MPPT. As each inverter system can track
the maximum power points C and D as shown in Fig.
9, the total power became about 315W. On the other
hand, the conventional system tracks the local maxi-
mum power point B as shown in Fig. 9, and then the
obtained power is only 200W as shown in the lower
waveform in Fig. 13.
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Figure 12: Waveforms of PV current
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Figure 13: Behaviour of MPPT by parallel inverters

5 Conclusions

I have proposed a current sensor-less MPPT controlled
flyback inverter for small scale PV systems. The used
main circuit is the flyback inverter with the secondary
center-tapped winding. The features of this circuit are
the simplicity comparing to conventional one and its
controller is implemented by DSP. Because the pro-
posed system was able to control the output power with
the open loop, it can calculate the PV power with de-
tecting only the PV voltage. Therefore the maximum
power point of the PV array can be obtained in the
PV system without a current sensor as well as with a
current sensor. I have constructed the parallel inverter
system in which the outputs of inverters connect each
other, and the parallel system can get larger power than
the conventional one when the PV array is partially
shaded by buildings.
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