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Highly Efficient Analog Maximum Power Point
Tracking (AMPPT) 1n a Photovoltaic System
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Abstract—A compact-size analog maximum power point
tracking (AMPPT) technique is proposed in this paper for high
power efficiency in the photovoltaic (PV) system. Combining ex-
isting MPPT approaches, we present a fast and accurate tracking
performance. Here, a wide-range current multiplier, which tracks
the maximum power point (MPP) in the solar power system,
is implemented to detect the power slope condition of the solar
panel. Experimental results show that the proposed technique
can rapidly track the MPP with a high tracking accuracy of
97.3%. Furthermore, the proposed system can connect to the
grid-connected inverter to supply ac power.

Index Terms—Analog Maximum Power Point Tracking
(AMPPT), grid-connected inverter, photovoltaic system, tracking
efficiency, wide-range current multiplier.

I. INTRODUCTION

HE GLOBAL warming crisis has recently drawn world-

wide public attention to issues related to energy con-
servation and alternative energy. Several energy conservation
methods, such as energy recycling [1] and energy harvesting
techniques [2], have been proposed to reduce unnecessary
energy waste from commercial appliances. In addition, alterna-
tive energy, such as thermal [3], wind [4], or solar energy [5],
is renewable and addresses pollution problems. Solar energy
presents the advantages of low maintenance cost and pollu-
tion-free characteristics. These are keys to solving worsening
global warming and reducing greenhouse gas emissions. Thus,
this alternative energy has been gaining increasing popularity
in numerous countries.

Solar energy may not be the most efficient choice with re-
gard to energy production. Nevertheless, it still outweighs other
kinds of energy, such as nuclear, coal, and gas energy, because
it causes zero pollution, has no moving parts, and allows for
easy maintenance. Despite these advantages, the overall energy
production cost for solar energy is still too high compared with
that incurred from gas or oil production. High costs restrict
the wide-ranging global application of solar power systems.
Generally, the low power efficiency of a solar power system is
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attributed to two factors. One is the conversion efficiency of
the solar cell. The other is related to the power efficiency of the
system, or more specifically, the power efficiency on the power
stage. The improvement of solar cell materials and relevant
technology has continuously elevated the conversion efficiency
of solar cells [6]. Conversion energy is reported to reach around
30% in today’s commercial products when a specific material
is adopted [7]. Furthermore, enhancing the power efficiency of
solar power systems enables the improvement of the efficiency
of the power stage and the extraction of substantial energy from
solar panels. The nonlinear physical characteristics of solar
arrays, however, are inevitable obstacles to the highly efficient
energy utilization of solar power systems.

The maximum available power supplied by a solar array de-
pends on solar irradiation level and ambient temperature [8].
In practice, both these factors are difficult to precisely predict
and measure. Thus, contemporary photovoltaic (PV) products,
such as PV inverters [9] or solar chargers [10], are usually inte-
grated with maximum power point tracking (MPPT) technique
to extract the highest energy volume from solar arrays. Sev-
eral MPPT algorithms exist [11], [12]. Some of them are imple-
mented using a microcontroller [13], field programmable gate
array [14], and digital signal processors [15]. Others are imple-
mented using analog or mixed signal methods [16], [17]. For
instance, in [18], a small-signal sinusoidal perturbation is in-
jected into the switching frequency to compare the ac compo-
nent [18]. The average value of the solar array voltage is used
to locate the maximum power point (MPP). In [19], the authors
track the MPP by introducing a small-signal sinusoidal pertur-
bation into the duty cycle of the switch and comparing the max-
imum variation in the input voltage and the voltage stress on the
switch. Ref. [20] uses the extremum-seeking control method to
track the MPP. All of these tracking methods can exhibit high
tracking accuracy. Unfortunately, they are implemented by dis-
crete components instead of an integrated circuit (IC). In [21],
a dual-module-based tracking technique, which compares the
voltage and current difference between two solar arrays to track
the MPP, is proposed. This method, however, increases hard-
ware costs because each solar array has to be controlled by an
individual tracker.

References [22] and [23] use the pilot cell to assist tracking.
Nevertheless, the pilot cell should match the characteristics
of the main solar array. In [24], a tracking solution is used
to address the problems encountered during rapidly changing
weather conditions. The technique incorporates an additional
measurement of power in the middle of the MPPT sampling
period. Furthermore, one can also use the information of the
solar array, such as the diode quality factor and the reverse
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Fig. 1. Proposed grid-connected PV system.

saturation current, to track the MPP [25]. Some methods
combine two different tracking techniques to gain advantages.
In [26] and [27], two tracking techniques are combined to
improve tracking accuracy. The system switches between
two tracking methods according to irradiation levels. In the
current paper, a MPP tracker using a single-chip controller
IC is proposed. The proposed MPP tracker integrates some
current-domain arithmetic circuits, sensing circuits, and duty
cycle modulation circuits to achieve the MPP calculation. All
of the circuits are implemented in a single-chip. The tracker
features rapid tracking speed and high tracking accuracy. In
addition, the proposed system includes a boost dc-dc converter
and a grid-connected PV inverter to enable the transport of
solar energy into the power grid for further use [28].

The proposed PV system is illustrated in Fig. 1. The boost
converter works in conjunction with the proposed MPPT circuit
in consistently tracking the MPP of the solar array. In addition,
a full bridge inverter is incorporated to convert dc to ac power.

The rest of the paper is organized as follows. In Section I, the
characteristics of the PV module are discussed in detail to show
nonlinear behaviors and relevant cause factors. Section III intro-
duces the proposed MPPT algorithm used to extract the highest
volume of energy from solar panels. Circuit implementation
is presented in Section IV to demonstrate the proposed wide-
range current multiplier used in the PV system intended for im-
proving tracking accuracy. The measurement results, shown in
Section V, confirm the functionality and efficiency of the pro-
posed MPPT system. Finally, Section VI concludes the paper.

II. CHARACTERISTICS OF THE PV MODULE

As previously mentioned, the characteristics of the PV
module vary with different irradiation levels and ambient
temperatures. A simplified equivalent circuit [29] in Fig. 2 can

facilitate the investigation of the nonlinear behaviors of the PV
module. The equivalent circuit consists of a current source I,
which suggests the light-generated current; a diode D1, which
emulates the PN junction of a real PV cell; a series resistor R
and a parallel resistor 2, which symbolize the parasitic series
resistance and parasitic parallel resistance on the PV module.
The voltage generated at terminals Vpy is the voltage of the PV
module, which can be multiplied through series-connected PV
modules. Moreover, the current outflow from terminals Ipvy is
the current of the PV module. The relationship between Vpy
and /pv can be shown in the following equations [30]:

Ipy =11 — Lss {CXP [AkT(VP\ + Ipv R, )] }
_ Vev 4+ IpvR;

1
7 M
3
(IEGO 1 1 T
Ios :IO’I‘ > e E— m 2
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S[Isc + Ki(T — 25)]
I = : 3
L 100 3)
where
Ipv PV module output current;
Vev PV module output voltage;
Ii, parallel resistor;
R, series resistor;
I PV module reversal saturation current;
A DB ideality factors;
T temperature (°C);
k Boltzmann’s constant;
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Fig. 2. Equivalent circuit of the PV module.

Iy light-generated current;

q electronic charge;

Kr short-circuit current temperature coefficient at
Isc;

) solar irradiation (W /m”);

Isc short-circuit current at 25°C and 1000 W/ m?;

Eqo bandgap energy for silicon;

T, reference temperature;

1o saturation current at temperature 7.

The equations verify that the characteristics of the PV module
depend on temperature and solar irradiation level. Fig. 3 shows
the IV curves plotted under different irradiation levels and am-
bient temperatures. Under different irradiation levels [Fig. 3(a)],
maximum power point Pyipp increases nonlinearly as solar ir-
radiation increases. On the other hand, under different ambient
temperatures, the characteristics of the IV curves of the solar
array behave in the manner depicted in Fig. 3(b). A nonlinear
decrease in Pypp is observed when ambient temperature in-
creases. These nonlinear characteristics of the PV module are
crucial for analyzing and designing the PV system, especially
for the MPP tracker.

III. PROPOSED MPPT ALGORITHM

Fig. 4 demonstrates the concept of the proposed MPPT al-
gorithm. Before the solar power system is activated, the oper-
ating point of the system is located on open-circuit voltage point
Voe . Conventional MPPT algorithms, such as slope detection
algorithm [31] [e.g., perturbation and observation (P&O) algo-
rithm or hill-climbing (HC) algorithm], calculate the slope of
the characteristic curves to determine slope conditions and track
the MPP. Nevertheless, a PV system adopting this algorithm re-
quires a lengthy amount of time to track the operating point from
Voe to M PP during the system power-on period, as depicted
in Fig. 4.

Other tracking algorithms such as the constant voltage algo-
rithm use a fixed ratio of maximum power voltage to open-cir-
cuit voltage Vo to approximate the MPP. Theoretically, 0.7
fractions of open-circuit voltage V)¢ is close to the MPP [32].
Therefore, periodically disconnecting the solar array and power
stage to measure Voo and multiplying it to 0.7 can rapidly detect
the current MPP. The fraction factor (0.7) varies when different
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Fig. 5. Illustration of the variable step perturbation (VSP) technique.

solar cell materials are used. Moreover, it is considerably sus-
ceptible to environmental conditions such as ambient temper-
ature and solar irradiation level. In this sense, the MPP cannot
be guaranteed when varying environmental conditions are taken
into consideration. Moreover, consistent disconnection between
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Fig. 6. Timing diagram of the proposed MPP tracking algorithm.

the solar array and power stage causes power delivery interrup-
tion during the sampling period, thereby resulting in the low
power efficiency of the PV system.

To increase tracking speed and accuracy while maintaining
high power efficiency, the open-circuit tracking (OCT) and
slope detection tracking (SDT) algorithms are adopted to track
the MPP in this study. Disconnection between the solar array
and power stage occurs only once; that is, at the beginning of
the system power-on period. This way, unnecessary power loss
is avoided and the power efficiency is maintained. Fig. 6 illus-
trates the timing diagram of the proposed tracking algorithm.
Ey.pe 1s a digital signal meant to indicate the slope condition.
Logic-high E,;,,. means that the slope condition dPpy /dVpy
of the solar array is positive. By contrast, logic-low Ey,pe
means dPpy /dVpy is negative. OCT Enable indicates whether
the OCT algorithm is enabled. Vi; is the gate signal of the
power NMOS in the boost converter. Signal Ir; shows the
inductor current of the boost converter, which can also indicate
the current of the solar array.

The tracking procedure can be divided into the following se-
quences. First, before the solar power system is activated, Voo
is detected by the controller to set the solar array voltage Vpv
close to 0.7 x V. This approach improves tracking speed
unlike the slow tracking speeds in conventional P&O and HC
algorithms. The switching duty cycle of the boost converter
is set to its maximum value to accelerate the tracking speed
during the open-circuit voltage detection period. Second, after
the OCT period, the SDT technique takes over the tracking pro-
cedure to continually and accurately track the MPP, ensuring
that the power stage receives the most energy from the solar
array. Third, when environmental conditions change (e.g., re-
duction in irradiation level), the slope condition changes from
positive to negative, as indicated by the solar cell characteris-
tics shown in Fig. 3. Then, .. transits from high to low. As
mentioned in Section II, PV voltage tends to decrease as PV
current increases, and vice versa. Thus, the SDT technique in-
creases the switching duty cycle. The current of the solar array
increases to reduce the operating voltage and ensure the move-
ment of the system operating point to a new maximum power
point M PP’ as illustrated in Fig. 4. The flowchart in Fig. 6
summarizes the overall tracking topology of the proposed MPP
tracking algorithm. After the solar power system is switched on,
the OCT technique is enabled until the operating voltage is set to
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Fig. 7. Flowchart of the proposed MPPT algorithm.

0.7 X Vo Subsequently, the SDT technique consistently mon-
itors the slope condition and guarantees that the system operates
at the MPP regardless of any environmental change.

Besides, the SDT algorithm includes the variable step pertur-
bation (VSP) technique [Fig. 5] to accelerate the tracking speed
and to minimize the oscillation problem around the MPP. The
system chooses larger perturbation step sizes when the oper-
ating point is far away from the MPP, which can increase the
tracking speed. In contrast, when the operating point is working
around the MPP, the step sizes are set to be smaller in order to
minimize the oscillation problem around the MPP.

The proposed AMPPT technique includes the advantages of
both the OCT and SDT techniques. The OCT technique can
roughly locate the MPP at rapid tracking speeds, while the SDT
technique can improve tracking accuracy, which cannot be guar-
anteed solely by the OCT technique.

For a large-scale PV system, unavoidable shadows caused
by nearby trees, clouds, and buildings frequently degrade the
energy of the solar array. The so-called “partial shading effect”
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[33] poses a considerable threat to highly efficient energy
utilization. Fig. 8 shows that when the solar arrays are shaded,
there might be local maxima in the IV curves of the solar arrays
when the bypass diodes are used. As a result, the designed
MPP tracker may easily misjudge the optimal operating point;
therefore, the system cannot provide its maximal energy. The
proposed MPP tracking algorithm can further be improved by
the algorithm described in Fig. 9 to guarantee the robustness
of the PV system. The system primarily determines whether
it has reached its local maximum power point (LM PP). The
measured power (Pypp_iast) and voltage (Vi iast) are then
stored for later comparison. The control loop enters the global
maximum power point tracking (GMPPT) stage when triggered
by the timer. The default timer is set to 1 s. That is, the global
maximum power point (GMPP) tracker is enabled every second
to check whether the current operating point belongs to the
GMPP. If the current operating point is already the maximum
point on the power-voltage plane, the system will continuously
operate at this point. Otherwise, the GMPP tracker locates the
GMPP and forces the system to operate on the located point.
During the GMPPT stage, the system is perturbed by a voltage
difference AVjereurn, Which is approximated to 60%-70% of
Ve [34]. Thus, an GMPPT technique guarantees full robustness
of the connected PV system. Nevertheless, because tracking
takes more time to locate the GMPP, the overall tracking speed
is downgraded at the circumstance of partial shading. However,
high tracking accuracy can be retained because the same SDT
technique is used to track the MPP.

n= Psolar *Ploss *PLMPP‘ffGMPPT X (Pcal+Ppcrrurb)

Psolar
“4)

The overall power efficiency is undermined when the
GMPPT is activated, as shown in (4). Ps,.; denotes all the
energy generated from the solar arrays. P, is the power loss
on the power stage. Pryvpp denotes the power loss due to
the local MPP tracking, which is inversely proportional to the
tracking accuracy. fgupptr is the frequency of the GMPPT
procedure. P, and Pperur are the power consumed by the
calculation and perturbation circuits in the GMPPT controller,
respectively. As a result, more often the GMPPT is triggered,
more energy is wasted and the lower overall power efficiency
is presented.
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IV. PROPOSED CIRCUIT OF THE MPPT CONTROLLER

The proposed slope detection circuit shown in Fig. 10 detects
the slope of the characteristic IV curve, that is, d Ppv /dVpy, at
the operating point. The slope equation, according to the transfer
curve of power-voltage, can be written as (5).

0Ppy _ a(Vp\r . IPV)
oy Vo
OVpv Apy
EACS N SV
ey TPV TRV gy
Ipve — Ipv
Ty 4 Vo, - Jpv2 = Iovi

Veva — Vpvi

Ipvi — Ipve
— Joor — Vo, . 2DVL T DV
vt YU Vova — Vevt
Alpy

AVPV '

)

=1Ipvi — Vpvi -

The denominator in (5) is eliminated deliberately by the con-
version ratio of voltage-to-current (V-to-I) converter to improve
the calculation accuracy of the slope detection circuit. The slope
detector detects the voltage and current information at two dif-
ferent time intervals. They are (Ipv1, Vpy1) at time = ¢; and
(Ipva, Vpva) at time = #5. Utilizing the sample/hold (SH) cir-
cuit to sense the photovoltaic voltage and current of solar array,
Vpvi and Ipy; represent the instant photovoltaic voltage and
current of solar array, respectively. Similarly, Vpva2 and Ipve
record the previous photovoltaic voltage and current, respec-
tively. For easy and fast operation in analog circuits, the value
of (Vpv1/AVpy ) is converted to a current signal, Iypy1, by the
voltage-to-current (V-to-I) converter, as shown in (6). The co-
efficient £ denotes the conversion gain of the V-to-1 converter.

IPpv
OVP\X

= Ipvi — k- Iyvpv1 - Alpy. (6)
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The current difference, Alpy, between Ipy; and Ipys, can
be derived by the current subtractor. Moreover, the multipli-
cation of Iypyi and Alpy, can be achieved by the proposed
wide-range current multiplier.

It’s obvious from Fig. 4 that the maximum power point occurs
at the point where the slope is zero or near to zero. Therefore,
one can try to find an operating point whose slope is as low as
possible, no matter it is negative or positive. Once this point
is found, the maximum power point can then be decided. Nev-
ertheless, there is a simpler way to do the tracking. Observing
the characteristic curve of solar array in Fig. 4, the maximum
power point falls right between the right-hand side plane and the
left-hand side plane of the curve. Namely, the maximum power
point occurs on the slope transition point, where slope changes
from either positive to negative or from negative to positive.
Comparing the current Ipyy and k& x (Iypyi x Alpy) in (6),
therefore, one can determine the slope condition of solar array,
which can be easily carried out by a current comparator.

Fig. 10 shows the block diagram of the proposed slope detec-
tion circuit following (6). The slope detection circuit includes a
current subtractor, a voltage-to-current converter, a current com-
parator, and a wide-range current multiplier. The current sub-
tractor serves the purpose of computing the current difference
between Ipy; and Ipys. The output current of the current sub-
tractor is Alpy . The voltage-to-current converter is used to con-
vert the voltage data Vpyq into the current data Ivpyyy for further
calculation need. The wide-range current multiplier multiplies
Alpy and Iypyi. In the end, the current comparator compares
Ipyy and & X (Iypyy X Alpy) to determine the slope condition
and sends out a digital signal, either high or low, to indicate the
slope condition at that time instance.

The digital signal F;,,. indicates the slope condition for
the duty cycle modulation circuit, which is made up by a 7-bit
up-down counter. The duty cycle modulation circuit increases or
decreases the duty cycle of the boost converter. As mentioned
before, the voltage of solar array increases nonlinearly as the
current decreases, and vice versa. When the slope is positive,
the value of F,,p. is high to decrease the duty cycle of the
converter and thus increase the operating voltage. On the other

hand, a low value of the F;,,. indicates the slope is negative.
Then the duty cycle increases to decrease the operating voltage.

Since the characteristic of solar array follows majorly by the
environmental factors, such as the temperature and the irradia-
tion, the voltage and current range of solar array are very wide.
As a result, typical current multipliers cannot meet the need in
the PV application. As can be seen in Fig. 10, the proposed
wide-range current multiplier is composed of the wide-range
squaring circuit, current subtractor and amplifier. The proposed
wide-range squaring circuit in the wide-range current multiplier
consists of a high current (HI) processor and a low current (LI)
processor. This wide-range squaring circuit serves the purpose
of extending the allowable current range of the current multi-
plier. Fig. 11 shows the transistor level of the wide-range cur-
rent squaring circuit. All the current mirrors are implemented in
the cascade way to improve the calculation accuracy. The cur-
rent comparator in the figure decides whether the input current,
Iyvpvi + Alpv, is larger or smaller than the reference current,
I.;. If (Ivpvi + Alpy) is larger than 1., the HI processor is
activated and the current, (Iyvpvi + Alpy ) flows into the drain
terminal of MOSFET M 3. After that, the current mirror pro-
duces current equal to 2 X (Iypy1 + Alpy) flowing out from the
source terminal of Mz 5. By Kirchhoff’s Voltage Law (KVL),
the summation of Vg man and Vgs vmrs is equal to that of
VGS,MHIQ and ‘/YC}S,MHM as expressed in (7)

Vasmun + Vas vz = Vesvure + Vas vma. (7)

The squaring principle of MOSFET gives

Ins = K(Vgs — Vi)? ®)
T,
Vas =Vi + %. ©)

where K = (1/2)16C,,.(W/ L) is the transconductance param-
eter of transistor, Ipg is the current flowing through the tran-
sistor, Vg is the voltage between gate and source, and V; is the
threshold voltage of the transistor.
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Based on squaring principle of transistor in (9), the following
equations can be derived from (7).

Ivan Inims
(Vt+\/—> + (Vtﬂ/—)
It T
(Vt / MH12> (Vt / MHI4) (10)

' Ivun + V/vmrs
= /Ivute + V Tamna. (1)

Furthermore, according to Kirchhoft’s Current Law (KCL),
the following equations can therefore be derived.

Ivnrs = I + (Ivevi + Alpy) (12)
Iann = Io1 — (Ivpvi + Alpy) (13)
Iviate = Ivmne = Ip. (14)

Ip stands for the bias current in the squaring circuit. Substi-
tuting (12), (13), and (14) into (11),

VI — (Ivpvi +ATpv) +/ To1 + (Ivpvi + Alpy)

=2/Ip. (15)
Squaring both sides, one can derive
4ip = (Ivevi+Alpy)+ o1+ 11— (Ivpvi+Alpy)

12\ —(Iypvi+ALpy )2 (16)
Eliminating (Ivpvi + Alpy) and squaring both sides again,
161% — 1611y + 412 = 4(Iypv1 + Alpv):.  (17)

Then, the following equation can be derived.
Top = (Ivevi — Alpy)? . (18)

4Ip

Likewise, another identical wide-range squaring circuit can
derive I3 in Fig. 10, where the input current is (Iyvpvi —Alpy),
as shown in (19).

_ (Ivpvi — Alpy)?
1T,

I,z = +Ip. (19)

Subtracting I,o from 7,1, k X (Iyvpyi X Alpy) can be ob-
tained by amplifying the current (Ivpyv1 X Alpv)/I5. Esope
is generated in the end to adjust the duty cycle of the boost con-
verter. Accordingly, the operating voltage of solar array is en-
sured to locate at the maximum power point.

The proposed wide range squaring circuit and the slope de-
tection circuit can precisely determine the slope condition at any
time instant and under any circumstance. The boost converter
and other controlling circuits in the controller, then, use the de-
tected slope information to manipulate the operating point of the
PV system. For that, the PV system can continuously operate
under maximum power condition and with high power conver-

sion ratio.

V. EXPERIMENTAL RESULTS

The test chip, which contains both the proposed MPPT circuit
and the controller for the boost controller, was fabricated by a
0.25 ysm BiCMOS-DMOS (BCD) 40 V 1P4M process. Fig. 12
shows the experimental setup, prototype, and chip micrograph
of the controller for the boost converter. The solar array used in
the measurement is Tynsolar TYN-285P6 [35]. Table I provides
the technical specifications of the solar array.

The tracking accuracy of the MPPT circuit can be estimated
using the following equation [36]:

PPV,tra‘ckcd

IMPP = x 100%. (20)

P PV max

Ppy trackea 15 the actual energy captured and delivered by
the system from the solar array. Ppv max denotes the maximum
energy from the sun at a specific time instance, temperature,
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Fig. 12. Experimental prototype and chip micrograph.

TABLE 1
TECHNICAL SPECIFICATIONS OF TYN-285P6

Maximum power 285 W
Tolerance +5%
Open-circuit voltage 4421V
Short-circuit current 832A
Maximum power voltage 36.79 V
Maximum power current 775 A
Module efficiency 14.61%
Solar cell efficiency 16.37%
Operating temperature —40 to 85 °C
Short-circuit current temperature coefficient +4.500 mA/°C
Open-circuit Voltage temperature coefficient —0.1500 V/°C
Maximum power temperature coefficient —0.4982 %/°C
<99
§ 98 . J 0 a0 o
c [
3 97 e
o
3
g 96
o
£ 95 o
[$]
©
~ 94

B3 IS

0 50 100 150 200 250 300

Available Power from Solar Panel (W)

Fig. 13. Tracking accuracy of the proposed MPPT algorithm and circuit.

and solar irradiation. Fig. 13 shows the MPPT accuracy per-
formance measured using the proposed tracking algorithm and
circuit. The tracking accuracy is higher than 97.3% in the avail-
able power range of 100 to 300 W at ambient temperature of
28°C. The tracking accuracy is limited below 98% compared
with that observed in contemporary products [37] because of
the following factors: the process variation during the silicon
fabrication, temperature variation, IC layout optimization, and
limited operation range of the calculation circuit components
such as the multiplier, adder, and subtractor. An overflow or un-
derflow current may cause the circuit to misinterpret the slope
condition. As a result, tracking accuracy is undermined.

Fig. 14 shows the waveforms of the PV system during the
power-on period. At the time that the PV system is switched on,
the OCT technique is enabled to adjust the operating voltage
close to the value of 0.7 x V. During this open-circuit voltage

1553

OCT

Period Es,

T SDT Period i
OCT Enable [

TV Ty P L 1|

Ve
" P2Zmean(C2) P3:mean(C3) P4:mean(C4) P5: 'qu(07)<_>
value . ’ 3085V 175mv -375IJV 33.08 MH{
status Dmax T v v 5Ps
2.00 Vidiv 2.00 Vidiv| 2.00 Vidiv DIJSIﬂW Aulﬂ 4.00V
-6.000 V ofst] 4100V ofst] =100 mV ofst] 100 kS 100 MS/sjEdge  Positive]
(a)
Period ESIope
m SDT Period
<
OCT Enable
i WMM
Measure > PIMONCD  PImeRCY  PemeanCH PEfreq(C4)
value -331 IIV 16.74 Mi—q
status Dmax T 5pS
m
2.00 Vidiv| 2.00 Vidiv| 2.00 Vidiv| ‘DD psidivl Stop 4.00V|
5000Vorst]  4100vorst] 100 mvorsi 100k8 100 MSss|Edge _ Positve
(b)

Fig. 14. Waveforms of PV system during the system power-on perio d: (a)
when the detected slope condition is positive and (b) when the detected slope
condition is negative.

detection period, the duty cycle is set to its maximum value to
enhance the tracking speed. After this, the SDT technique takes
over the tracking procedure to improve the tracking accuracy.
When the slope detection circuit detects that the slope condi-
tion is positive (i.e., £yqpe 18 high), the duty cycle decreases
[Fig. 14(a)]. Consequently, the inductor current is reduced and
the operating voltage toward the MPP is increased. Conversely,
when the slope condition is detected as negative, Fj,pe 1S set
low and the controller increases the duty cycle to the boost con-
verter [Fig. 14(b)]. As a result, the inductor current increases to
lower the operating voltage of the system.

Fig. 15 shows the duty cycle transitions when solar irradiation
changes. The detected slope condition changes either from neg-
ative to positive or from positive to negative depending on the
solar irradiation level. Fig. 15(a) illustrates that when the solar
irradiation level increases, the duty cycle of the control signal,
V&, which controls the gate of the power NMOS (M ), gradu-
ally decreases to a smaller value. By contrast, V; changes from
a small to a large duty cycle when the detected slope condition
transits from positive to negative, which is caused by the degra-
dation of the solar irradiation level [Fig. 15(b)].

Some waveforms are shown in Fig. 16 for the investigation
of the tracking speed during the system power-on period.
Fig. 16(a) shows that when the OCT technique is disabled,
the settling time (t;) for the system is 1.1 s. When the OCT
technique is activated during the startup period, which can
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rapidly approximate the MPP, the settling time can be short-
ened to 22 ms [Fig. 16(b)]. Therefore, the proposed MPPT
algorithm and circuit improves tracking speed at the system
startup period. Furthermore, the transient behavior during any
environmental condition changes is also shown in Fig. 16. As
can be seen in the figure, when the solar irradiation changes
from high to low, the current transient time is less than 1 ms.
The transient behavior on the dc bus is negligible since a large
storage capacitor is connected.

Fig. 17 and Fig. 18 demonstrate some experimental results re-
garding the global maximum power point tracking. In Fig. 17,
E% denotes the tracking accuracy degradation percentage, AP
is the power variation due to the GMPPT, and Py, is the en-
ergy provided by the solar arrays. As can be seen in the experi-
mental result, the larger the power variation is the higher error
percentage will be. The tracking error also incurs system effi-
ciency degradation. 7}, 4.k in Fig. 18 means the time the system
takes to locate the GMPP. When the power variation increases,
the system needs more time to track the GMPP.

Fig. 19 shows the waveforms at the dc-ac inverter output,
which is connected to the boost converter as shown in Fig. 1.
Fig. 20 demonstrates that when the grid-connected PV system
is enabled, output voltage V,. works in phase with grid power
Vaya. Table II summarizes the measurement results. The
proposed AMPPT achieves a tracking accuracy of higher than
97.3%.
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Fig. 16. Waveforms of Vpv, Ipv, and Ppy during the power-on period: (a)
when the OCT technique is disabled and (b) when the OCT technique is acti-
vated.
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Fig. 17. GMPPT experiment results in terms of the tracking error percentage.

VI. CONCLUSION

The characteristic IV curves of the solar array are discussed
to aid the understanding of the behaviors of solar arrays and de-
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Fig. 18. GMPPT experiment results in terms of the tracking time.
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Fig. 20. Output waveforms when V. is connected to Viria.

sign the MPPT circuit. The proposed MPPT algorithm achieves
fast tracking speed and maintains high tracking accuracy in the
solar power system. Furthermore, with single-chip circuit im-
plementation, power consumption can be reduced and the high
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TABLE. II

DESIGN SPECIFICATIONS
Fabrication process 0.25um BCD 40V 1P4M
Chip area 4.22 mm?
Inductor L;/=5 mH, L,=5 mH
Capacitor C=1500 pF, C,=50 puF
Switching frequency 120 kHz
Nominal AC output voltage 112V
Power factor 0.998
Tracking accuracy >97.3% (@Ppy=100-285 W)
Overall power efficiency 88.97%
THD of current multiplier 1.02% (@lin=30 pA, 100 kHz)
Operation range of current multiplier [ 0—60pA
Input capacitor Cpy=4700 pF

power efficiency of the system is guaranteed. A wide-range cur-
rent multiplier circuit is used to satisfy the requirement of the
tracking circuit. The proposed MPPT circuit can determine the
slope condition with fast speed and high accuracy. Experimental
results verify the efficiency and tracking speed of the proposed
MPPT algorithm. The findings also demonstrate that the PV
system can convert solar energy into grid electricity with syn-
chronized phase response. Moreover, a fully robust MPPT cir-
cuit can be applied when the GMPPT algorithm is included.
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