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Abstract: The solar power conditioning and the wind power conditioning systems are discussed in this paper. Various

maximum power point tracking methods are examined. The power electronic converter topologies for power point tracking

and voltage conversion are studied in this paper. Other power conditioning systems are also studied, including the inverter

drives, battery charger and DC–DC and AC–AC power converters. This paper gives an overview of the recent development

of the power converters and drive circuits in the area. Concentration has been put on different maximum power point

tracking methods, and brief description of each type is shown.
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1 Introduction
All the alternative energy sources have power pro-

cessing stage for power conditioning. The power con-

ditioning provides voltage, current or impedance trans-

formation for matching the source and load. The source

can be in AC or DC that depends on the alternative en-

ergy source. The power processing units are to convert

the AC or DC into suitable voltage for load or interme-
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diate power stage.

Alternative energy sources such as photovoltaic

(PV) system and fuel cells are DC source. The volt-

age output is not a constant and depends on the energy

input and the loading. For photovoltaic systems, the

output voltage depends on the illumination level to the

cell and loading current. Therefore a power condition-

ing unit is designed with maximum power-point track-

ing (MPT) in order to optimize the efficiency[1,2]. The

fuel cell voltage depends on the input fuel concentration

and rate[3], and the loading. A maximum power track-

ing is also needed.

For the electromagnetic machine types of alterna-

tive source, it is usually the induction generator, syn-

chronous generator or switched-reluctance generator.

The output voltage is AC and is needed to be regulated.

Some generators also require a PWM driver to main-

tain the operating point in a certain frequency range for

power optimization and frequency control. The output

stage of the generator requires an AC–DC conversion

for voltage regulation or AC–AC conversion for both

voltage and frequency regulation. The AC–DC convert-

ers are usually bridge types of topologies. The power

factor is needed to be controlled so that the generator

will be working with a higher power factor near 1 in

order to optimize the efficiency of the machines.

The power processing stage is of high power, and

the switched mode power conversion topologies em-

ploys high power converter such as bridge converter.

They can provide bidirectional power flow[4], resonant

switching or soft-switching, and multiple output volt-

age. The grid connected DC–AC power conversion is

also very popular for second stage power conversion

which processes the intermediate power stage supplying

a DC to other load. In this paper, the power conversion

unit is discussed. Suitable topology is examined for the

use in alternative energy sources.

2 Photovoltaic maximum power point track-
ing

A. Analytic tuning

The classical method of maximum power-point

tracking is usually based on iteration. It may give unsta-

ble tracking and oscillate around some operation point.

Ref[5] derives a tangential method such that the MPT

can be defined by a tangent to the line joining the x-

intercept and y-intercept of the i − v characteristic of

the solar cell. Fig.1 shows a typical ip − vp charac-

teristic of a solar cell. The maximum power is a line

tangential to the x − y intercept line as shown.

Fig. 1 Current-voltage MPT characteristics of

photovoltaic cell

If ipx is the y-intercept of ip on the y-axis and vpx

is the x intercept of vp on the x-axis. The slope of the

tangent is

Sx = − ipx

vpx

. (1)

At the maximum power point, the maximum power

Pm:

dip
dvp

|Pm = Sx. (2)

The duty ratio control of the DC-DC converter is

adjusted to regulate the same slope as Sx for achieving

MPT.

B. Switching frequency modulation

The maximum power transfer from photovoltaic

panel to DC-DC power converter is governed by the

fundamental equations[6]:

Rs = Ri, (3)

where Rs is the source resistance and Ri is the DC-DC

converter input resistance. The load resistance R of the

DC-DC power converter can be expressed as

Ri =
R

M 2
, (4)

where M is the voltage conversion ratio. M depends

on duty ratio d for continuous mode, load resistance R,

converter inductance L and operating frequency fs:

M = f(d,R, L, fs). (5)

For continuous inductor conduction mode:

M = f(d). (6)

The duty ratio of the DC-DC converter can be ex-
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pressed as:

Rs =
R

f2(dM , R, L, fs)
, (7)

where dM is the value of d when MPT is achieved.

Ref[6] suggests that the MPT relationship can be de-

veloped by using the error signal:

e(α) = φ
1 − α2

(1 + α2)2
, (8)

where

α =
d

dM

(9)

and

φ =
∧
fs /(2fs), (10)

∧
fs is a smaller modulation signal which is added to the

switching frequency signal. The duty ratio is ruled by

sgn(d − dM) = −sgn(e(α)). (11)

Fig. 2 The maximum power transfer illustration

C. p − n junction diode equivalent tracking

The p−n junction forward characteristic of a diode

is very close to the solar cell. The voltage drop of

the diodes can be used as a reference voltage to track

the maximum power[7]. Fig.3 shows the schematic dia-

gram.

Fig. 3 p − n junction equivalent method to detect the MPT

The diodes used for the comparison is attached

to the photovoltaic panel so that both the photo-

voltaic and the diodes experience the same temperature

environment[8].

D. Slope detection for fast MPT

Conventional method also uses the sign of slope

Sp =
dPp

dip
, (12)

to obtain the MPT that may not achieve fast or accurate

power tracking. Fig.4 shows the power Pp against vp.

A fast MPT[9] integrates the slope with time to ob-

tain a fast tracking method. As it can be seen from

Fig.4, when the instantaneous tracking point is away

from the maximum, the slope integration will increase

to accelerate the response to approach the maximum

power point.

d = kee = kp

�
Spdt, (13)

where ke and kp are constant.

Fig. 4 Fast maximum power point tracking

3 DC-DC power conversion
The DC-DC power conversion is a typical unit in

the alternative energy system. It provides voltage con-

version or impedance conversion. The single-ended

power converter is employed for low power applica-

tions and renewable energy system. Besides, the typ-

ical switched mode power supply (SMPS) topologies

are Buck, Boost and Buck-boost[4]. The following will

discuss different new topologies for the applications.

A. Non isolated and isolated SMPS

For low power applications and non isolation cases,

a single transistor can be used. The voltage conversion

ratio M for continuous inductor L conduction mode is

also shown. For information, M for common circuits

Buck, Boost and Buck-boost, Cuk, Sepic and Zeta are

d, 1/(1− d) and d/(1− d), d/(1− d), d/(1− d) and

d/(1 − d), respectively. For a wide range of voltage

conversion ratio or a DC isolation is needed, the trans-

former isolated version can be used. The output stage

must be isolated from the PV through transformer. For

information, M for common circuits Forward and Fly-

back are dN2/N1 and dN2/((1 − d)N1).

B. Phase angle control

The bridge converter for phase control[4] is to con-

trol the phase shift δ between the two legs. The volt-



128 Control Theory & Applications Vol.25

age conversion ratio is M = δN2/(πN1). For maxi-

mum phase shift, δ = π. The H-bridge converter is the

most suitable one for high power applications. They

also have the additional advantage of soft-switching,

i.e., zero-voltage switching.

Fig. 5 Buck-Buck-Boost phase converter,

M = (D1 − δ)/(1 − D2)

Fig. 6 Buck-Boost-BB phase converter,

M = D1/(1 − D2 − δ)

Fig.5 and Fig.6 show two versions of the buck-

boost phase converters, the Buck-Boost-Boost phase

converter and the Buck-Boost-BB phase converter, re-

spectively. Both circuits can regulate the duty ratios D1

and D2 of the transistors T1 and T2, respectively. It

can also be controlled by the phase angle δ between the

two transistors. The above topologies give additional

control capability for photovoltaic panel and users can

select the converter according to the criteria of volt-

age conversion ratio, output voltage inverted or non-

inverted, transformer isolated and continuous input cur-

rent for input or output. It allows higher conversion

capability than simple buck or boost converter and is

suitable for alternative energy source which may have a

very wide range of output voltage and power.

4 System topologies
A. Battery system

Photovoltaic system can be used independently for

supplying power to load or be connected to the grid.

The former requires battery storage which provides im-

mediate energy storage[10]. When solar energy is not

sufficient, the charged battery supplies power to the load

as shown in Fig.7. The circuit requires sufficient num-

ber of battery storages and a good battery charger. Other

energy storages are also available such as hydrogen en-

ergy storage, etc.

Fig. 7 PV system with typical power processing

B. Energy storage

Besides the battery storage, the hydrogen storage

has been using recently[11]. Fig.8 shows the schematic

diagram. The system is usually combined with the fuel

cell. The power from the alternative energy source is

not stored in battery but through electrolyzer in which

decomposes the water into oxygen and hydrogen. The

hydrogen is stored in the compressed high pressure stor-

age tank and can be transported to other locations. It

can also be transported through gas pipe. The hydro-

gen is then converted to water through the fuel cell.

The best efficiency of electrolyzer is around 85%[12].

The fuel cell efficiency is around 35%[13]. The best

is around 40∼50%[14]. The combined efficiency is ex-

pected to be 30%. Comparison of efficiencies for input

to output power conversion is shown in Table 1[15]. Ob-

viously, the efficiency of the battery storage is higher

than the hydrogen energy storage. The energy den-

sity of a hydrogen tank is higher. For a low pressure

tank, 170 Wh/kg can be achieved. For some commer-

cial tank, Millennium Cell’s hydrogen storage [16] can

reach 425 Wh/kg.

Fig. 8 Energy storage system with hydrogen

Table 1 Comparison of different batteries

Type Cell voltage/V Density/(Wh·kg) Efficiency/%

Lead−acid 2.1, 2.2 30∼40 70∼95

Ni−Cad 1.2 40∼60 70∼90

Ni−iron 1.2 50 65

NiMH 1.2 30∼80 66

Li−ion Monomer 3.6 160 99

Nano T itanate 13.8 90 87∼95

Supercapacitor is also considered for energy stor-
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age. Any voltage or capacitance can be made by dif-

ferent combinations. They are not used for high energy

storage[17] but used for assistive energy storage. The

dynamic response for the supercapacitors is better than

batteries; therefore they are used in parallel with the bat-

tery to improve the dynamic performance. A typical ex-

ample is the electric vehicle.

C. Grid connected system

The energy storage in the battery can be inverted to

the grid for reducing the number of the batteries. Some

systems are directly connected to grid. Fig.9 shows the

connection of the PV system to a DC bus. The DC bus

is connected by a number of PV panels which is con-

nected in series or parallel. The load in the DC bus can

also be shared in a suitable manner so that MPT of the

DC-DC voltage converter can be achieved.

Fig. 9 Parallel sharing of PV systems

The DC bus link can be inverted to AC for loading

or connected to grid as shown in figure. The output volt-

age VAC from the inverter is 380 V or the local mains

voltage. The inverter equation is:

VDC =
2
√

2VAC

M
, (14)

where M is the modulation index and can be varied

from 0.4 to 1.15. Too small M gives poor harmonic

spectrum that is to be avoided. The typical value is 0.9.

5 Battery charger
The battery charger provides a number of stages of

charging mechanism, including constant voltage, con-

stant current, trickle and/or pulse charging. The battery

charging circuit employs the bidirectional power flow

transistor topologies and provides bi-directional power

flow between the battery and the load circuit.

A. Circuit topology

The following shows a typical list of the circuit

topology for the battery charger. If M is the charg-

ing conversion and 1/M is the conversion ratio for dis-

charging, In some applications, the charging and dis-

charging employ separate circuits if the input source Vin

is not the DC link, a separate DC-DC converter is used

to connect the battery to the load and the charger circuit.

Fig.10 shows a typical charging circuit.

Fig. 10 Charger topologies: H-bridge, M = δN2/(πN1)

B. Comment on topologies

The Buck version is a popular circuit which can

provide step down from PV array or main DC-DC con-

verter to the battery. Choke L is used to reduce the rip-

ple. T1 and T2 are responsible for the main and aux-

iliary transistors, respectively. T1 is for delivering the

energy from the input side to the battery whereas T2 is

to feed the battery energy back to the Vin stage. The

Boost version is to boost up the Vin to higher voltage.

The current ripple of the input stage is particularly low.

It is suitable for low electromagnetic interference (EMI)

applications. Both the Buck-Boost version and the Cuk

version can provide a wide range of battery voltage. The

voltage conversion can be step-up or step-down that de-

pends on the transistor duty ratio d. The Cuk version

has the additional advantage of low ripple in both out-

put voltage and input current, but the drawback is that

it has larger number of components. The above four

examples provide voltage conversion from order 1 to 3

of magnitude. For higher magnitude of voltage conver-

sion, a transformer isolation version should be used[4].

C. Isolated version

The bi-directional power flow version can be done

by changing the diode to transistor. For the Forward

conversion, the D1 and D2 are needed to change to tran-

sistor. This circuit is so called the isolated-boost[4] and

has more transistors than the other circuit therefore it is

not economic. The bi-directional version of the flyback
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conversion is just to change diode to transistor. It is the

same voltage conversion ratio viewed from either end.

M is inverted with d changed to 1 − d.

6 Inverter topology
For 3-phase version, it is basically a full-bridge ver-

sion with 3 inverter legs (3 pairs of transistors). The in-

verter is fired by PWM signals and produces sinusoidal

output voltage. The inverter output should be filtered

to remove the high frequency switching signal. The in-

put voltage VDC to the inverter is related to the output

voltage VAC by (14).

7 VFCF converter
Fig.11 shows the popular schematic diagram of

the generators for wind power, including doubly-feed

generator[18], synchronous generator[19] or induction

generator[20], switched reluctance generator[21].

A variable frequency-constant frequency converter

(VFCF) can be used to reduce the mechanical system

that leads to cost reduction in the bulky system. The

converter also allows the variable frequency operation

of the wind turbines in order to optimize the perfor-

mance. There are a number of topologies suitable for

the applications:

Fig. 11 Wind turbine topologies

A. AC–DC–AC converter

Basically the system is based on a cascade connec-

tion of an AC–DC and a DC–AC inverter[22]. The inter-

mediate stage is a DC stage which has some capacitor or

even battery for intermediate energy storage and voltage

smoothing. Fig.12 shows a typical schematic diagram.

The capacitor CDC or the battery BDC can also provide

a prolonged uninterrupted time in case the input stage

fails to supply. The AC–DC is usually a rectifier or an

AC–DC power factor correction rectifier. The DC–AC

inverter is a general one.

Fig. 12 AC–DC–AC converter system

B. Matrix converter

Matrix converter for AC–AC power conversion[23]

is particular useful because of no immediate energy

storage. The output voltage and frequency can be ad-

justed so that it is a good candidate for renewable en-

ergy generator.

C. Discussion

Both AC–DC–AC converter and the matrix con-

verter are suitable for the VFCF application. The ma-

trix converter uses 18 transistors but it does not re-

quire capacitors. The AC–DC–AC converter requires

DC link capacitors and 6 switching devices; if the

front-end AC–DC rectifier is replaced by active de-

vices, the total amount of transistors needed is 12. The

cycloconverter[24] has a less flexibility on voltage and

frequency control and is less popular.

8 Wind power tracking
The wind energy is captured by the wind turbine

that converts the kinetic energy to electrical energy. The

power obtained is expressed as:

Pr =
1
2
ρπR2Cp(λ, β)v3

w, (15)

where Pr is the power received by rotor, ρ is the air den-

sity, R is the rotor blade radius, vw is the wind speed ,

Cp is the power coefficient and function of tip-speed

ratio λ and pitch angle β. Fig.13 shows a typical char-

acteristic.

λ =
ωrR

vw

. (16)

The aerodynamic torque Tr is

Tr =
1
2
ρπR3Ct(λ, β)v2

wm, (17)
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where Ct is the torque coefficient and is related to Cp

as:

Ct(λ, β) = λCp(λ, β), (18)

The maximum power estimation has been proposed

by a number of reports. This includes using ANN,

maximum power curve, maximum torque curve without

knowledge of wind speed and rotor current efficiency

curve.

Fig. 13 Power coefficient characteristics

A. Artificial neural network(ANN)

Basically, the power equation can also be expressed

as:

Pm = Jωr

dωr

dt
+ Pe, (19)

where the electrical frequency ωe and number of poles,

P , is related by:

ωr =
2
P

ωe. (20)

Using (19) and (20), the Pm and ωr can be obtained

from Pe and ωe. It can then use ANN to estimate the

wind speed[25]. Fig.14 shows the control schematic.

Fig. 14 ANN method for maximum power tracking

B. Power optimum curve

The characteristics of the wind turbine at various

wind speeds can be shown in Fig.15. The optimum

power curve by joining all the maximum points can be

used for the maximum power point tracking[21]. The op-

timum power curve is formed by the maximum power

for different wind speeds. It can be obtained as:

Pr op = kopω
3
r , (21)

where kop is a constant and depends on wind turbine

parameters. The generator is controlled to generate the

power indicated by the maximum power curve as shown

in (21) to obtain the MPT. For high wind speed, the rotor

power may exceed the nominal power of the generator;

pitch control can be used to reduce the received power.

Fig.13 shows that β can be increased to reduce Cp.

Fig. 15 A typical optimum power curve

C. Torque optimum curve

The above method requires the measurement of the

wind speed. The maximum torque curve as shown in

Fig.16 is equivalent to the maximum power curve as

shown in Fig.15[26]. The torque curve can be expressed

as:

Tr op = ktopω
2
r , (22)

where ktop is a constant for the maximum torque curve.

The generator torque is controlled according to (22) and

the maximum power can be achieved.

Fig. 16 A typical optimum torque curve

D. Using total power to rotor winding curve

Fig.17 shows a schematic diagram of a doubly-fed

induction generator circuit. The output power Po is re-
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lated to Ir in the maximum efficient manner and the ef-

ficiency of the generator ηg is also related to Ir in a

monotonic manner[27]. The characteristic of Ir and Po

is a monotonic curve. Therefore Po can be used to es-

timate Ir. The ηg can be used to estimate the received

rotor power Pr. It can then be used to track the optimum

wind speed and hence the rotor shaft speed.

Fig. 17 The doubly-fed induction generator circuit

9 Conclusion
This paper discusses a number of topologies that

can be used in alternative energy electrical system. This

includes the PV array power conditioning converter,

associated DC-DC converters, battery charger and in-

verter. The high frequency technology is used for all the

power conversion units. The DC isolation is provided

by the isolated DC-DC power conversion. The battery

charger is designed by bi-directional circuit so that it

can provide both charging and discharging capabilities.

The design method is discussed. The wind power con-

ditioning is also discussed. The MPT is examined for

both solar and wind power. Power electronics gives a

new era for power conversion. The power density of the

power processing units is all increased. This also comes

to the fact that associated materials, chassis, protection

devices and control, electronics are simpler and lower

in cost. With the rapid development in power devices,

new topology and control method, the future power pro-

cessing of alternatives energy will be more efficient and

higher efficiency.
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