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Design of a Power Conditioning Unit for Nonlinear
Source-Load Systems
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Abstract—This paper describes the development, design, and operation
of an electronic device which performs dynamic matching between
electric energy sources and their respective loads. This matching is
achieved by meonitoring the output power of the energy source and
modulating a control signal which, in turn, regulates appropriately the
operation of a source-load interface device. This device is characterized
by a simple structure and an ability to continuously match the characteris-

tics of the source to those of the load, for maximum power transfer, even

when these characteristics are randomly time-varying. The device may be
used with existing energy systems, without significant changes, and
operates effectively even when the utility grid substitutes for the load. Its
operation is described i» terms of a configuration involving renewable
energy sources, such as wind electric conversion systems and photovoltaic
arrays, as the primary energy generators. The latter are attracting the
growing interest of many investigators recently.

Both theoretical and experimental procedures have been used to verify
the device’s effectiveness. Test results indicate that the source-interface
device-load system operates efficiently, transferring maximum power
continuously from the source to the load. Dynamic stability conditions
are maintained, while parametric sensitivity analyses indicate the influ-
ence of design parameters on system performance. Finally, the simple and
inexpensive construction of the device in conjunction with its reliable
operation, contributes to the techno-economic acceptance of small,
distributed renewable energy sources.

I. INTRODUCTION

ATCHING of a practical electric source to its load for -

maximum power transfer is, in general, a difficult prob-
lem. Indeed, electric generators, using wind or solar radiation
as ‘the primary energy source, are not only described by non-
linear output characteristics, but also these characteristics
are strongly influenced by stochastically varying external
factors, such as wind speed [1] or the available level of solar
radiation [2], [3]. Moreover, actual loads, in certain applica-
tions, are nonlinear and time-varying.

The development and implementation of a suitable device,
therefore, capable of maximizing power flow, from the source
to the load, is necessary if optimum utilization of the renew-
able resource is to be made. The operation of this device
has to be independent of any undesirable external influences.

Representative examples of nonlinear sources are wind
energy conversion systems (WECS) and photovoltaic arrays
(PV arrays). The characteristics of these sources are affected
by such factors as wind speed, solar radiation, temperature,
etc. These factors are varying unpredictably at each instant of
time.

One of the most interesting cases of alternative energy
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source exploitation for electric power production involves
its connection to the existing utility grid. The grid character-
istics, when viewed from the connection point, are usually
highly nonlinear and time-varying. Although there has been
an_ increased interest in such applications in recent years,
their widespread utilization has been limited, mainly due to
high capital investment requirements. Consequently, any
matching procedure is intended to improve energy transfer,
reduce energy waste, and increase the cost-effectiveness
of the source, thus making such systems attractive and ac-
ceptable to the public.

Some investigators have approached the matching problem
strictly theoretically and do not propose an implementation
procedure [2], [4]. Attempts have been made in the direction
of modulating appropriately the source characteristics, i.e.,
blade pitch angle control [5], or rearranging the internal series-
parallel configuration of the cells in a PV array. These tech-
niques are characterized by the high cost of implementation
and degraded operational reliability. Other researchers propose
methods of modulating the WECS generator characteristics
[6], [7], thus requiring expensive devices specifically manu-
factured for this purpose, and complex excitation systems.
Design work, based on the control of the interface device
between the source and the load, has also been reported
[8]-[10]; the devices involved are usually characterized by
high complexity or reduced efficiency, due to maximization
of the source output power instead of the power injected into
the grid.

The device described in this paper tracks the amount of

‘power supplied by the source to the load, at each instant of

time, and controls the system operation in such a way as to
maximize the power delivered to the load. For this reason,
it is called a maximum power tracker (MPT). The MPT de-
sign is independent of specific source characteristics and
the device may be used in a variety of situations, where power
matching is called for. Its operation is examined here only in
relation to the case of a typical WECS or a PV array being
interconnected to the utility grid via a line-commutated in-
verter, as illustrated in Fig. 1. This particular consideration
is helpful in conceptualizing the design features and the
operating characteristics of ‘the device, without any loss
of generality.

II. MAXIMUM POWER TRANSFER CONCEPTS

The operation of the MPT relies upon the modulation of
a control signal V,, according to variations of the actual
power output and regulation of the inverter operation (Fig. 1),
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Fig. 1. Overall system configuration depicting the interaction between the
MPT and major system components.

so that load characteristics are continuously matched to those
of the source system. Monitoring, therefore, of the output
power Poyy is required. Next, the control signal V, is con-
structed appropriately to provide the regulating action upon
the inverter. The configuration depicted in Fig. 1 illustrates
this particular feature. The firing circuit of the inverter (thy-
ristor bridge) is designed so that adjustment of the conduc-
tion angle of each pair of thyristors is possible by means of
the control signal ¥,. This signal is applied externally to the
firing circuit. The inverter, in this type of application, per-
“orms a dual task: a) inversion of the dc output voltage of the
source, and b) modulation of the oufput characteristics of

+he source by means of V. A simplified block diagram of -

suth a single-phase inverter appears in Fig. 2. It has been
-nown elsewhere [11] that appropriate adjustment of the
conduction angle of the inverter circuit, while accounting for
the characteristic (v-i) output curve of a WECS or a PV array,
results in a noteworthy improvement of the overall system
output power. Under certain conditions, this leads to the
maximization of the power transferred from the source to
the load.

Continuous operation of the MPT guarantees improvement
in output power even when external factors, influencing the
WECS/PV array characteristics (such as wind speed, solar
radiation, temperature, etc.), vary stochastically [11]. Maxi-
mization of the output power P,,; is possible by proper
choice of the capacitance C (Fig. 2) and the operating fre-
quency f of the inverter. The inductor L is inserted in order
to shape the output current waveform, thus suppressing the
harmenic content created by the switching operation of the
inverter. However, continuous adjustment of the L and C
values, according to certain operating conditions, is often
practically difficult to implement. In addition, the inverter
operating frequency f is fixed at the level of the power system
frequency with grid-connected applications, It can be shown
that the sensitivity of output power to changes in the values
of C and L is considerably reduced if these values exceed
some predetermined level. With the parameters C, L and the
frzquency f remaining fixed, the only design parameter, avail-
able for control of the inverter characteristics, is the duty
cycle or correspondingly the firing angle of the thyristor
bridge. Manipulation of the firing circuit results in a sub-

~optimal operation, assuring a satisfactory level of output
power Py, ; close to the optimum value.

%

III. MPT OPERATION DESCRIPTION

The internal organization of the MPT is depicted, in dia-
grammatic form, in Fig. 3. The electronic wattmeter (EW)
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Fig. 2. Functional block diagram of the line-commutated inverter.
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Fig. 3. Block diagram of the MPT internal configuration.

monitors the power P,,; and produces a proportional signal,
at its output terminals. This signal is applied to the power

level gradient detector (PLGD) input. The PLGD is a se-

quential circuit with a logic type output (“0” or “1” levels).

The output signal of the PLGD is fed to a control circuit

change of output power AP,,; during the current time step

and the output logic state during the preceding time step.

The output signal of the PLGD is fed to a control circuit

(CC) which produces the desirable control signal ¥, accord-

ing to a procedure described later in this paper.

The PLGD and control circuits are organized on a digital
basis. Thus, storage of the successive power values, in the
PLGD circuit, does not suffer from the drawbacks of analog
storage techniques (sample and hold). In addition, changes of
the control circuit output voltage (V) are performed in fixed
time steps. Thus, any degradation of system performance
quality, due to transient phenomena appearing during ¥,
changes, is avoided. Synchronization of all MPT functions
is achieved by means of an appropriate timing circuit.

The operation of the MPT is described with reference to
Fig. 4. In this figure, the relation between the system output
power P,,; and the control voltage ¥V, (and therefore the
conduction angle of the inverter) is illustrated, It is assumed
that, at a given instant of time, the system operating point is
specified by the coordinates (V,;, Pyuty). Also, during the
next time step, the value of ¥V, is increased from V., to
V2, so that the new operating point of the system becomes
(Vea, Poutz). However, for the new output power level
Pyyiap it is true that Pyyig < Pyyyp and the MPT circuit logic
introduces. a change in direction of the control signal V.
Since ¥, had increased to the value V., during the first
time step, it is decreased back to the original value ¥, . The
power corresponding to V., is Poypy > Poyte and the MPT
directs a new change of V, in the same direction as V,,,
that is to V3. The resulting new power valueis Py 13 > Pgytg -
Therefore, ¥V, continues decreasing, while the output power
P, increases, according to the above logic. At some instant
of time, P,y¢ passes through the point (V,;, Pyyts) and
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Fig. 4. Output power P,, of a WECS-inverter-grid system versus the
inverter control voltage.

Veb Vem Vea Ves vcl ch Ve

continues on, through the maximum power (Vi ., Poutm)s

to (Ven, Voutn)- However, at this point, it is true that Py <
Py yim, therefore, V, is given another change in direction and
its value goes back to V,, from V,,. Because of an increase
" in power, the direction of ¥, is reversed and the control
signal reaches the value V,,, where Pyyyy, < Pyyipm, forcing
a new change in the direction of V. In this way, the opera-
tional cycle described above is repeated continuously. That is,
whenever the output power is in the vicinity of Pyyym, it
oscillates between the points (Pouts, Pouts)- Provided that
the changes of the control signal V, are kept small, the values
of Pyyts and Pgyyyp differ only slightly from Pgyysm,. The
system is then considered to operate at the maximum power
point. If any of the external parameters influencing the source
characteristics (wind speed, solar radiation, etc.) is changed,
the power curve is transposed to the one shown in dotted
lines on Fig. 4. The matching procedure is then repeated,
until a new maximum output power value is obtained.

The theoretical study for the operation of the system
illustrated in Fig. 3 is pursued via modeling the dynamic
behavior of each major subsystem block and simulating,
on a computer, the interconnected system performance.
Thus, appropriate computer models for the source (WECS
or PV array), the line commutated inverter, and the utility
grid must be developed. Detailed description of the develop-
mental steps for these models may be found in references
[11, [12]. They are used here, in combination with the MPT
computer model, to illustrate the effectiveness of the MPT
device via performance simulation runs. Attention is focused
below upon those important aspects of the MPT model which
relate its characteristic behavior to that of the remaining
system components.

The time constant of the combined source-inverter-grid
system is much longer than the time constant of the MPT
device. The time response of the electronic circuits compris-
ing the MPT is the main reason for the validity of this asser-
tion. This fact permits a significant simplification of the MPT
computer model. Let § ¥V, be the amount by which the control
signal ¥, changes, during successive time steps. Also, ¥ .
and P,y 5 are the values for the control signal and the output
power at the kth step, respectively. The value of V, at the
k + 1 time step, is given by the expression

Vekr1 = Ve + M8V, m
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where

A =1, )
The new value for P, due to the change in ¥V, is Poytr+1-
The control signal ¥, is now modulated, according to the
relation - ’

Ap+1 =N sign [Pout k+1 — Poutk]- (3)
Thus, a new value for ¥V, will result in accordance to rela-
tion (1) and will be given, therefore, by

Vekiz = Vers1 T Ae+18Ve. 4)

The function sign [x] is defined as follows:

sign [x] =1, ifx>0

sign [x] = —1, ifx<0.

Relations (1) and (3) constitute the MPT computer model.
This model is combined with those of the remaining sub-
systems in order to study the transient and steady-state per-
formance of the interconnected system [1].

IV. MPT DESCRIPTION

A detailed block diagram of the MPT is shown in Fig. 5.
The three basic units (see Fig. 3) comprising the MPT are
enclosed for clarity in dotted lines. The digital structure of
the PLGD and control circuits is apparent here. The descrip-
tion of the structure and operational characteristics of the
MPT is made with reference to this figure.

A. Electronic Wattmeter (EW)

The electronic wattmeter is based upon the use of a classic
analog ‘multiplier which multiplies the instantaneous values
of the output voltage and current. An averaging circuit fol-
lows the multiplier, whose. output signal is proportional to
the mean output power Py ;.

B. Power Level Gradient Detector (PLGD)

The wattmeter output provides the input signal to the
PLGD. The operation of this unit is synchronized with pulses
produced by the timing circuit. A full cycle of the MPT
operation is integrated every four pulses. During the first
pulse, the A/D converter converts the PLGD input signal
(Pout) to an 8-bit digital signal. This signal is compared with
the corresponding signal stored, during the preceeding cycle,
in the latch circuit. This is done via a digital comparator
whose output is a logic state “1” or “0”, according to whether
there is a power output increase or decrease, respectively. This
state inhibits or permits access of the next (second) timing
pulse through the AND gate. The FLIP-FLOP operates in a
toggle mode and stores the previous state. During the second
timing pulse, if the output power has been decreasing, the
FLIP-FLOP changes state. Otherwise, it remains in the same
state. The logic output of the FLIP-FLOP constitutes the
input signal for the next stage of the MPT, that is the control
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Fig. 5. Detailed block diagram of the MPT.

circuit. The third timing pulse relates to the function of this
control circuit. During the fourth pulse, the existing signal
at the output of the A/D converter is stored in the latch
circuit and remains there until the next cycle of operation.

C. Control Circuit (CC)

The PLGD output is fed to the U/D input of an up/down
(U/D) counter, which is the first of the control circuit stages.
The up or down counting is controlled by the input U/D.
Thus, the third timing pulse is added to or subtracted from the
content of the counter, with respect to the PLGD output.
The digital output of the counter (8 bits in parallel form) is
converted to an analog signal, via the D/A converter. This signal
is properly amplified by amplifier (4). The amplifier output
is the control signal V.

D. Timing Circuit (TC)

This is a conventional timing circuit with four sequential
outputs. The pulse duration of this circuit can be easily
adjusted. Thus, the total duration of the MPT operational
cycle can be set to any value, according to the requirements
of the specific application. The digital storage, for the succes-
sive P, ¢ values, does not suffer from drift, offset, and noise-
characteristic disadvantages of analog storage. Also, the digital
procedure for the construction of V. ensures that, during
cach cycle of operation, the control signal remains constant.
This limits additional transient problems generated during
the integrated system operation. The accuracy of the MPT
operation is not degraded by this technique, since the whole
power region is divided into 2% = 256 levels. So, successive
levels differ from each other by not more than 0.4 percent
of the maximum power, a satisfactory criterion for the accurate

performance of the device. The detailed electronic diagram of
the MPT circuit is shown in Fig. 6.

V. RESULTS OF THE MPT OPERATION

The impact of the MPT operation upon power maximiza-
tion of a WECS or a PV array is studied both theoretically and
experimentally. The results presented in this paper refer to the
configuration of Fig, 1.

Fig. 7 depicts the output power P,y of a synchronous
wind generator, as a function of wind speed U. The generator
output is rectified and then inverted to ac form before con-
necting the unit to the utility power lines. Curve (a) repre-
sents the output power without the MPT in operation, while
curve (b) is the output power with the MPT in operation.
The improvement in output power, achieved in this applica-
tion, is of the order of 80 percent.

Fig. 8 depicts the output power P, of a PV array, intercon-
nected to the utility grid, by means of an inverter, as a func-
tion of solar radiation. The output power, without the MPT
in operation, appears as curve (a), while curve (b) shows
the output power after the MPT is connected. The improve-
ment achieved in this particular application is of the order
of 40 percent. Paralleling these experimental results, a com-
puter simulation of the integrated system is employed for
sensitivity studies. Here, the sensitivity of the output power
as a function of various design parameters is studied. The same
computer model is also used for transient stability studies.

Computer results are verified experimentally by means of
the corresponding laboratory configurations. The actual
WECS consists of a synchronous two-blade horizontal axis
wind generator with dc-output and rated power of 2.2 kW.
The inverter utilized is a novel laboratory design, with rated
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power of 2.5 kW and the means for continuous adjustment
w4 26-0.0050/60° of the conduction ‘angle via an externally applied control
P 000k voltage. In place of the PV array, a laboratory constructed
6000 4 € -22004F PV simulator [13], with rated power of 2.5 kW, is used in
combination with the inverter. Both systems are connected
4000 4 () to the low-voltage side of the local utility grid. Improvement

2000 1
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Fig. 7. Output power P, of a WECS-inverter-grid system versus wind

speed U. (a) Without the MPT in operation, and (b) with the MPT in
operation.
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Fig. 8. Output power P,, of a PV array-inverter-grid system versus solar
radiation H. (a) Without the MPT in operation, and (b) With the MPT in
operation.
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in power output with the MPT in operation and smooth
system transient behavior, during abrupt perturbations, are
observed. Experimental results thus closely match model
predictions, verifying the overall reliability of the intercon-
nected system. '

VI. CONCLUSIONS

The main advantages of the MPT device, described in this
paper, are:

1) considerable improvement of the output power for
various renewable electric energy sources, thus in-
creasing their attractiveness as a means for supplying
a substantial amount of our future energy needs;

2) it may be connected to any existing system, without
requiring significant changes in its basic system units;

3) maximization of output power continuously, regard-
less of external parameter variations (wind speed,
solar radiation, etc.};

4) simple and compact structure, with its construction
requin’ng only conventional components;

5) reliable operation over a wide range of conditions.
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The MPT presented here may be used in a variety of applica-
tions, wherever dynamic matching between source and load
characteristics is called for.
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