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Novel Maximum-Power-Point-Tracking Controller
for Photovoltaic Energy Conversion System

Yeong-Chau Kuo, Tsorng-Juu Lianglember, IEEEand Jiann-Fuh CheiMember, IEEE

Abstract—A novel maximum-power-point-tracking (MPPT) center-tapped output transformer [11]-[13]. The efficiency
controller for a photovoltaic (PV) energy conversion system is of such series-connected multistage devices is low. Further,
presented. Using the slope of power versus voltage of a PV array, the size is large and the weight is high. The proposed design,

the proposed MPPT controller allows the conversion system to b trast inale-st f fi thus i -
track the maximum power point very rapidly. As opposed to y contrast, uses a single-stage configuration, thus increasing

conventional two-stage designs, a single-stage configuration is€fficiency and reducing size. In addition, the proposed system
implemented, resulting in size and weight reduction and increased operates as power supply on sunny days and operates as an

efficiency. The proposed system acts as a solar generator on sunnyactive power line conditioner at low or zero insolation. Hence,
days, in addition to working as an active power line conditioner the proposed PV energy conversion system provides useful

on rainy days. Finally, computer simulations and experimental . L . -
results demonstrate the superior performance of the proposed function in any weather, significantly enhancing system utility.

technique.
Index Terms—Active power line conditioner, maximum-power- Il. PROPOSEDMPPT ALGORITHM

point tracking, photovoltaic energy conversion system, solar gen- Fig. 1(a) depicts the output characteristics of a PV array.
erator. )
whereV and P are output voltage and power of the PV array,

respectively. The output power of the PV array is expressed as
|. INTRODUCTION

HOTOVOLTAIC (PV) energy is the most important P=VI Q)

energy resource since it is clean, pollution free, an

d . . .
inexhaustible. Due to rapid growth in the semiconductor ad'® conventional MPPT algorithms ud®/dV = 0 to obtain
power electronics techniques, PV energy is of increasifigé maximum output power point. The perturbation and obser-
interest in electrical power applications. It is important t¥ation method measuresP and AV’ to judge the momentary

operate PV energy conversion systems near the maxim@RErating region, and then, according to the region, the refer-
power point to increase the output efficiency of PV array§Nce voltage |S|ncrease_d ordecreased_such that the systems op-
Therefore, many techniques have been developed to provﬁf@tes close to the maximum power point. Because_the method
maximum PV power [1]-[10]. Enslin employed an integratet!_i‘cr‘?asfas or decreases only the reference voltage, |mpl_ementa-
PV maximum-power-point tracker with soft switching to obtaiffion iS simple. However, the method cannot readily track imme-
the optimum efficiency [1]. Hiyama used a neural network tgiate and rapid changes in environmental conditions. An alter-
estimate maximum-power-point operating conditions [2] [3]jative method, the incremental conductance method, tracks the

Some researchers control photovoltaic characteristics to mafeXimum power pointaccurately by comparing the incremental
load conditions [4][6]. Some systems use an online maximmnduct_ance and mstanta_lneous (_:onductance of a PV array [19].
power point tracking (MPPT) algorithm to obtain the maximum If the internal shunt rfeslstance is neglected, the characteristic
power point [7]-[10]. An MPPT method often used is the peRf @ PV array can be given as [8], [9]
turbation and observation method [8], [9], because the method q
is easy to implement. However, oscillation is unavoidable. The I'=1;— L {eXp [m(V + IRS)} - 1} (2)
incremental conductance method is used to avoid oscillation by
comparing the incremental and instantaneous conductancevbere
the PV array, but the implemented circuitis more complex [10]. {,  light-generated current;
In this paper, using the slope of power versus voltage, a novell,,; PV array saturation current;
MPPT algorithm is presented which avoids the oscillation ¢ charge of an electron;
problem and is easy to implement. K Boltzmann’s constant;

Conventionally, PV energy conversion systems are com-A ideality factor of the p—n junction;
posed of a dc/dc converter, a dc/ac inverter, batteries, and @ PV array temperature (K);

R, intrinsic series resistance of the PV array.
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Fig. 1. (a) Characteristic diagram &% versusV . (b) Diagram ofd P/dV versusV . (c) Flowchart of the proposed method.

From (1) and (3), the differential @ to V' can be expressed as Fig. 1(b) depicts the diagram @fP/dV versusV when the
insolation is varied from 300 to 700 WAnand the tempera-
ar _ dI Bl v ture is at 45°C. WhendP/dV < 0, decreasing the reference
v Ty voltageV, forcesdP/dV to approach zero; whehP/dV > 0,
=Ty~ Ioa; {exp < v ) _1} _ dhsar exp < v ) vy increasing the reference voltaye forcesdP/dV to approach
AKT AKT AKT zero; whendP/dV = 0, V,. does not need any change. The
(4) flowchart is shown in Fig. 1(c). In Fig. 1(cy,, andI,, are the
ar =7 Al % ) momentary voltage and current of the PV array, whijeand
av AV 1, are the previous voltage and current. When the PV array is

whereA T andAV are the increments of output voltage and Curoperated at the maximum power point, the reference voltage is

rent, respectively. Equation (4) is the functioniofthat can be kept at a constant value, and thus oscillation is reduced.
employed to simulate the characteristie/éf/dV versusV’, and
the result is shown in Fig. 1(b). From (5), th&/dV term can
be replaced by + (AI/AV)V, making the calculation prac- A traditional two-stage PV energy conversion system is con-
tical for an 89c51 microprocessor. In the proposed method, (cted between the PV array and the electrical power system
is used as the index of the MPPT operation. The calculation[dfl]. The dc/dc converter is controlled so as to track the max-
(5) requires only one division and one multiplication instrugmum power point of the PV array and to transfer energy to the
tion, which is easier than the incremental conductance methbadtteries and inverter. The dc/ac inverter is controlled to produce

Ill. SYSTEM CONFIGURATION AND CONTROL
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Fig. 2. Proposed photovoltaic energy conversion system. (a) Architecture. (b) Controller diagram. (c) Block diagram of current loop. (d) Bode diagr
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Fig. 3.

an output current in phase with the utility voltage and to obtain The system configuration of a single-stage PV energy conver-
a unity power factor. Because the dc/dc converter and the dcgan system is shown in Fig. 2(a). The single-stage PV energy
inverter have independent control architecture, the controllersnversion system is controlled so as to supply power to the
are easy to design. Yet, the efficiency of the entire conversitwad and supply surplus power with a unity power factor to the

system is low because of the dc/dc converter, batteries, and daffility line. Simultaneously, the single-stage conversion system
must be operated so as to track the maximum power point of the

inverter.
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Input and output current of the proposed conversion system. (a) Simulated result. (b) Experimental result.
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Fig. 5. MPPT measurement of the proposed method. (a) Constant insolation. (b) Varying insolation.

PV array. Thus, controller design of the single-stage configur: seo
tion is more difficult than the two-stage configuration. Fig. 2(b)
shows the controller block diagram of the proposed single stay

Prop?;sed
Method (—)

450 —

system in which an 89¢51 microprocessor is used for maximu ecwy 400 - B etiiod (=)
power-point tracking. When the system is operated in the sol Mudmum

generator mode, the single-stage MPPT controller is used [ "¢

compute thev,.; according to the proposed MPPT algorithm. 300 = L L S s

When the system is operated in the active power line conc Time(x)

tioner mode, the reference voltage is a constant voltage. The

voltage controller@,.; is used to control the voltage |00p toFig- 6. Solar array output power of the proposed method and the perturbation
and observation method.

produce the dc reference current commandThen, the dc ref-

erence current is multiplied byin w,¢, which is captured from N

the phase-locked-loop (PLL) circuit to produce the ac refereng¥stem parameters for MPPT, ands the utility voltage. Error

current commandt. i* is added to the load curreitin order ¢ iS defined as

to produce the reference output current commgnaif the in- N

verter. The differential equation of the inverter is ¢=is s (®)
di, Because a perfect sinusoidal current to the utility line is a design
0 3. — kpwmvcon — Vs (6) | || h h
dt goal,e must naturally approach zero. Thus,
where de dil  dis
@ " a ©)
Ve toodtoat
s = 3 g Jd dn_di w0
o Tat | at dt
and L, is the output inductor of the inverter, is the output From (6)
current of the inverterypc is dc-bus voltagey,; is the peak ’
of the triangular carrier signat,..,, is the control signal which di, 1
shapes the sinusoidal current to the utility line and also adjusts dt L, (kpwm¥eon = s)- (11)
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Fig. 7. Solar generator mode. (a) Waveforms ofi,,, and:,. (b) Waveforms of,; and:,. (c) Current spectrum af;.

Substituting (11) into (10) gives Filter G, ¢ is used to produce feedback signals to the voltage
de  dit i 1 loop. From Fig. 2(c), it can be seen that
s l

1
=7+ + 57U — 7 kpwMUon = 0. (12)

dt — dt ' dt ' L, L, 1
kpwm <G'vs - —>
ThUS, i = kpwm(Gfd + Gcc) i* kpwm v
L% . ¢ SLO + kpwm(Gch + Gcc) ° 3Lo+kpwm(Gch + Gcc) S'
LIy <dls + d“) T (13) (15)
Veon = 77— Lo | — o Vs
kpwi e dt kpwi
1 de* 1
= e Vs (14) _
kpwnv  dt T kpwm From (15), when#,; = 1/kpwm, the disturbance from, can

be eliminated. fljwL,| < |kpwm(Gen + Gee)| andGygq =
G.n, theni, /i¥ = 1, identifying accurate current control effect
. The transfer functions of the controller are represented

From (14), it is seen that.., is composed of two terms. The
first term is used to obtain a fast current control effectdfor ’
The second term is used to compensate the disturbance f|f8ﬁ110
the utility voltage. In the first term, because a pure differerdS follows:

tial control tends to induce a large amount of noise in experi- Evei
mental implementation, a fast currentloop is used instead. Feed- Guei =kuep + 5 (16)
forward controllerG ;4, feedback-compensated controlg&y;,, Te238

Gpg=—"— a7
and phase-lead controlléf.. are used to get a fast current re- Tepas+ 1
sponse in the current loop. The utility voltage disturbance con- G, _ _ Tex25 (18)
troller G, is used to reduce the disturbed voltage component. eh = Tep2S + 1
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Fig. 8. Active power line conditioner mode. (a) Waveforms gfi,,, and:,. (b) Waveform ofv, and—i,. (c) Current spectrum af,.
1 If
Gcc = kcp + kcc D (19)
Tept5 + 1 W = thenZ; =0 (23)
1 - 5 — ) - Y-
Guo =1 (20) VLG
"“};“ According to (22) and (23)L; andC; are chosen to support
Gy v/ (21) the inverter input current. The simulated and experimental re-

L4 s7upp sults of Fig. 3 verify that th& C filter supports the second-order

The Bode diagrams of the proposed system are shown Gmponent current, wheigis the inv_erter input current,,, is

Fig. 2(d). 'th output current of the PV arraj; is the filter current, and

15 is the current fed from the PV energy conversion system to

the utility line. From equations (22) and (23, supplies the

second-order harmonic component, so the dc-bus capacitor sup-
Generally speaking, the frequency of the inverter input cuports only the components larger or equal to the fourth-order

rent is twice the fundamental frequency of the inverter outpbirmonic. Thus, the volume of the capacitor can be reduced.

current [8]. Thus, a large capacitor must be connected with theTo verify the performance of the proposed PV energy con-

PV array output to supply the low-frequency component of theersion system, the following parameters are selected for ex-

inverter input current. In the proposed system, a sét@flter perimental implementation.

is connected with the PV array output to share the responsibility. « 14 PV array modules

IV. EXPERIMENTAL AND SIMULATED RESULTS

From Fig. 2, the impedance of the filter is PV array specifications:
rated power = 1050 W, rated current = 4.4 A;
1 1 = _circui = :
Zp=sLs+ —— = <wa _ ) . (22) rated vpltage =238V, short-circuit current = 4.8 A,
sCy S=jw wC' open-circuit voltage = 308 V, temperature =25;
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Fig. 9. Waveforms obp andi,. (a) From solar generator mode to active power line conditioner mode. (b) From active power line conditioner mode to solar
generator mode.

* output voltage110 V, 60 Hz;

* load: rectifier load 300 W;

« inverter switching frequencyt8 kHz;

« input filter capacitor:C; = 470 uF;

» LC series filter:L; = 1.66 mH, C; = 1000 uF;

« output filter inductor: L = 1.2 mH

 converter componenty; ~ Sy (MOSFET) IRFP460;

* blocking diode:D;: 6A600Vx2;

* voltage controller parametersk,., = 3, kyei = 50,
kyp = 0.01, 7,7, = 0.00016;

« current controller parametersk,, = 50, k.. = 7.556,
Tept = 0.102, 7op2 = 0.068, Top3 = 0.068, 7.0 =
1.2132, 7.3 = 1.2132.

The proposed PV energy conversion system provides two
functions: 1) on sunny days, the PV array outputs power to the
load and to the utility line, with a unity power factor and 2) when . . s
the PV array cannot supply enough power to the load, the con- voltage. Fig. 7(c) is the output current spectrumigf

version system is operated as active power line conditioner. The2 zh(t)_wmg a totall_harrcr;ong‘,_tQ|stort||\;)nd(THLD) 01; 3'0? f ]
experimental results are discussed as follows. ) Active Power Line Conditioner Mode (Low Insolation):

. Fig. 8 depicts line currentz,, a sinusoidal waveform in
1) Solar Generator Mode (Sunny Dayig. 4 shows the 9 b ’

MPPT t di ina th turbati d phase with the utility voltage. The THD @f is 3.48%.
measurement diagram using the perturbation an Fig. 9 shows the proposed conversion system switching
observation method with constant and varied insolation

qt t Seri lati be ob d between solar generator mode and active power line con-
and temperature. Serious osciliation can beé ODSEIVed.  uinner mode. Despite the rapid switch, system behavior
Fig. 5 shows the MPPT measurement diagram using

. o . is stable, indicating that the transient state response is ex-
the proposed MPPT algorithm. Oscillation is clearly g b

duced idi ? tal f that th d cellent, and that the conversion system provides smooth
reduced, providing experimental proof that the propose and stable operation. Fig. 10 shows the efficiency of the
method can track the maximum power point better

i hich is higher th %.
than the perturbation and observation method. Fig. 6 proposed conversion system, which is higher than 90%

shows the comparison of the solar array output power.
From the result, the proposed method is better than the
perturbation and observation method in the output powerConventional two-stage PV energy conversion systems are
and response speed. The increase in output powerbidky, expensive, provide low efficiency, and are, thus, not
2.4%, and the decrease in response time is 33%. Fig. 7¢a)table for small-scale PV energy conversion utilization. To
shows theis, 4,, and¢; current waveforms. Fig. 7(b) is resolve this problem, a PV energy conversion system with
the utility line voltage and the current fed from the P\&ingle-stage architecture has been presented. The proposed

A
£ Y
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—
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-
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I ] i | | l
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Fig. 10. Efficiency of the proposed conversion system.

energy conversion system to the utility line, showing
that the current is sinusoidal and in phase with the utility

V. CONCLUSIONS
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single-stage system has advanced features such as smalf S.Nonakaand Y.Neda, “Single phase composite PWM voltage source,”

physical volume, low weight, and high efficiency. A novel
single-stage MPPT controller is used for rapid tracking of
the PV array’s maximum power point. The proposed algo-
rithm reduces oscillation, resulting in significantly improved
tracking. The proposed PV energy conversion system opere
in two modes, providing solar generation when insolation
adequate and active power line conditioning when insolation
inadequate. Switching between the two modes is smooth ¢
stable. The excellent performance of the proposed systen
verified from both simulated and experimental results.
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