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ABSTRACT

An analog-digital photovoltaic (PV) array simula-
tor is considered. The analog section is designed on
the basis of an equivalent solar cell model while the
digital section is constructed realizing the mathemat-
ical representation of the array. Past time responses
achieved by the analog section make this part suitable
for the study of transient phenomena associated with
the interconnected operation of PVs and the utility
grid. 1Its digital counterpart is more appropriate for
long~term experimental investigations due to its inher-
ent .accuracy and reliability. The combined hybrid
simulator offers a versatile and flexible piece of
apparatus capable of simulating the performance of any
PV array under a variety of operating conditions. The
device can be constructed with low-cost components in a
compact arrangement offering transpbrtability and ease
of operation. Experimental results derived from a
laboratory constructed prototype match closely the
theoretically computed characteristics. )

INTRODUCTION

we have witnessed an

Over the past decade, ?
increased interest in exploiting renewable energy
sources, such as solar energy, for the production of

electric power. Photovoltaic arrays offer an attrac-
tive means for the direct conversion of solar energy to
electrical form. An intensive R&D activity has been
directed, therefore, towards the development of effi-
cient, reliable, and cost-effective photovoltaic cells
as well as the design of interface and balance-of-
system devices which are required for the distribution,

storage, and consumption of the electric power, such as
converters, inverters, maximum power trackers, batter-
ies, etc. [1].

At an early stage of the PV development program,
it was recognized that, in addition to stand-alone
applications, probably the most attractive long-term
utilization of PV arrays is their operation ‘in a
utility interactive mode. Although institutional and
economic considerations favor such an interactive oper-
ation, many technical issues must be resolved before
PVs become a viable and acceptable alternative to
utility generation practices. Research problems that
are currently being addressed include protection and
safety issues, power quality, harmonic current genera-
tion and propagation, islanding of distributed sources,
control, etc. [2,3]. It is important, therefore, to
devise experimental facilities and procedures which are
more compact, cost-effective, and flexible than actual
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array configurations for testing purposes. Moreover,

environmental conditions, such as solar radiation and
temperature, affect strongly the performance of PV
systems; testing in a natural environment presents
difficulties in achieving a full range of these envi-
ronmental parameters. A PV simulator, capable of
reproducing the characteristicse of an actual array,
while providing the flexibility of significant param-
eter variations, would offer a viable alternative
solution to this dilemma.

In this direction, several attempts have been
reported in the literature addressing the design of
physical PV array simulators [4-6]. Yet, these
attempts fail to provide a complete solution to the
problem. In Reference 4, an analog PV simulator design
is proposed, Here, adjustment of parameters, such as
solar radiation, ambient temperature, and wind speed,
is accomplished indirectly or may not be at all feas-
ible. In [5], a DC rotating machine is used as the
primary device in the simulator configuration, render-
ing the proposed equipment unacceptable for the study
of transient phenomena due to the large time constants
involved [7]. In general, existing devices are not
capable of responding satisfactorily to both transient
and steady-state requirements usually imposed on actual
PV arrays under utility interactive operation.

This paper is concerned with the design of a
hybrid (analog-digital) PV array simulator which
capitalizes upon the unique advantages of analog and
digital techniques., Thus, the fast time response of
the analog section permits the study of transient

phenomena, while the digital section of the simulator
provides the accuracy, stability, and reliability
required for the simulation of quasi steady-state
conditions, and the flexibility necessary for the
adjustment of external parameters.
THE SIMULATOR CONFIGURATION

Consider the block-diagrammatic configuration

shown in Figure 1. The principle characteristic of
this approach is the common power supply, shared by
both sections, with a resultant reduction in cost and
size of the facility. ‘The analog and digital sections
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Pigure 1. Block Diagram of the Two Sections

of the PV Array Simulator.

of the simulator are clearly distinguished and the
figure also illustrates the switching arrangement
required to select one or the other mode of operation.
The input to the power supply is fed from an AC source.
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At the simulator output, any load or interface device
may be connected as long as the load requirement is
within the nominal simulator power capacity. The main
simulator characteristics depend upon the device's
operating state and are as follows:

A. Analog Section

The fast response of the analog section makes it
. ideally suitable for the study of an interconnected
system’s transient -behavior. A line or self-commutated
inverter may be connected directly to its output and

both the input current and voltage waveforms recorded,

Because of the high power requirements of the analog
section, its utility is limited to test studies which
may be completed in short periods of time and which
seek the system's short-term transient behavior.

B. Digital Section

The low power consumption of the simulator, when
operating at its digital mode, permits its utility for
long-term measurements, Moreover, the
microprocessor-based controller, in this same section,
provides the following additional capabilities:

1. It is possible to simulate any PV array, as
long as its characteristics are known [8].

2. The simulator characteristics match those of
the actual array accurately.

3. The microprocessor may be programmed to simu-
late different real PV array conditions
including variations in temperature, cloud
cover, etc. [7}.

This section is not suitable for studies that involve
the transient behavior of the PV array and load.

A detailed description of each simulator section
follows and performance characteristics are illustrated
via the -design of a PV simulator with a rated power
capacity of 2 kW. The design approach may be easily
extended to arrays of different characteristics and
power ratings. The power supply remains essentially
the same having a minimum impact on the design process.
Two points must be considered: (1) the voltage level
at the output of the supply must be greater than the
open-circuit voltage of the array to be simulated; and
(2) the power supply current must be at least equal
to n I.., where n_is the number of cell branches
conngcggd in para‘ilel and ILG the light generated cell
current, so that the simulator operating characteris-
tics may extend througbout the useful array v-i region.

THE ANALOG SECTION

Design of the simulator's analog section is based
upon a physical representation of the equivalent cir-
cuit of a photovoltaic cell, which constitutes the
basic building block of the array. A widely accepted
form of the cell's equivalent circuit is shown in
Pigure 2 [9]). The current source ILG represents the
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Pigure 2. ‘!ﬁe Bguivalent Model of the Solar Cell.

use of a-

light generated cell current and is a function of the
cell characteristics, its temperature, and the solar
radiation., A diode is used to represent the silicon
P-N :junct:ion,'Rsh is the parallel resistance, Ry the
series resistance and, finally, C the combined Junction
and diffusion capacitance [10].

A PV array consists of the series and parallel
connection of cells, Suppose that ng identical cells
are connected in series to form a branch and n
branches are connected in parallel to form the array.
Pigure 3 depicts the equivalent circuit of the total
series-parallel configuration. The 1light generated
current source, in this case, 1is equal to anLG' while
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Figure 3. The Equivalent Model of a PV
Array with ng x n, Cells.

the diode remains the same as in the single cell
situation with operating characteristics V. and I..
The dependent voltage source (ns-l)V represents ghe
voltage drop across the remaining n_-1 diodes connected
in series; the total branch voltage drop is thus nsv .
The dependent current source (n —1)ID gtands for ghe
current through the remainil?g n -1 parallel cell
branches, so that the sum of this rrent and that of
the n_th branch is equal to n ID. Values for the
serieg and parallel resistancgs and for the array
capacitance are easily computed.

The design of the array'’s analog section is based
upon the equivalent circuit of Pigure 3. A block dia-
gram of the proposed scheme is depicted in Figure 4.
The input of the unit is supplied from a DC voltage
source, Control element No. 1, in series with a
current limiter and the supply source, forms a current
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Figure 4. Block Diagram of the Analog Section.

generator which is regulated to provide an amount of
current equal to n I;ge The diode is the element which
mainly simulates Rhe’ v-i characteristice of the PV
array. Let VD the voltage across and ID the current
through the diode. Comparator Wo. 1 compares the diode
voltage Yp with a fraction of the unit's output voltage
and adjusts control element No. 2 so that a voltage of
(n_-1)V, volts is developed across it. The total
8 D
output voltage becomes, therefore, equal to n Vp.
Comparator No. 2 compares the diode current I wfth a
fraction of the current through the parallel branch and
adjusts control element Wo. 3 so that the parallel
branch current is equal to (n_-1)I,.. Thus, the total
current of the branches is n Ine The remaining ele-
ments (two resistors and a capacitor), with their



values shown in PFigure 4, simulate the parallel resis-
tance and capacitance and the array series resistance.
From a design point of view, it is noted that control
elements No. 1 and No. 2 dissipate most of the unit's
power demand and, therefore, require appropriate heat
removal apparatus. '

The response time of the analog electronic cir-
cuitry is much faster than either the response time of
the PV array or the time constant associated with the
array output capacitance. Use, therefore, of the simu-~
lator for the study of transient phenomena does not
present any major difficulties.

The junction and diffusion capaéitance of the PV
array is a function of the current I flowing through
each PV cell and its value is, therefore, continuously
varying. For this reason, a capacitor with a value of

n o

;2 C is connected at the output of the analog section,
8 .

as shown in Figure 4. The capacitance C may be com-

puted through the relations [10]:

C = CD +C (M

j

16 s p 2)

1/2 3

Cj = kj(kTT + vs/ns)
where kDL' k:s and kT are constants whose values depend
upon the array characteristics. Relations (2) and (3),
for a typical array configuration, may be approximated
by

I - i /n
~ L6 s P
CD 11838 T (uF) . (4)
Cj * 1,3 yF (5)
The remaining quantities appearing in (1)-(5) are
defined in the following paragraph. At the diode posi-

tion, an appropriate semiconductor device
whose behavior approximates, as closely as possible,
the PV array characteristics. The actual diode selec-
tion is carried out experimentally.

is placed

THE DIGITAL SECTION

Design of the simulator's digital section is based
on a realization of the array mathematical model. The
equations describing the operation of a PV array are
written as [11]:

Gvs/ns
i(v) =n T .- anos(e -1) (6)
6 = "
ATck/q
Zeo -4
T Bk/g'T_ T
1 =1 [-S3 r

Ios Ior[Tr] € (8)

. . a
o™ [ISCR + k(T - 301.18)] T (9

vhere:

1s = PV array output current

Vg = PV array output voltage
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ng = number of cells connected in series

n = number of cell branches connected in parallel

IEG = light generated current

Tor = rev%rse saturation current at Tr (= 19,9693 x
107 °A)

A = B = ideality factors (= 1.92)

k = Boltzmann's constant

q = electronic charge

T, = reference temperature (= 301.18°K)

Ios = cell reverse saturation current

Tg = cell temperature in °C

T = cell temperature in °K :

kI = short-circuit current temperature coefficient
at Ig = 0.0017 A/°C)

H = cell ?flumination (mW/cmz)

Ieop = cell shor%-circuit current at 28°C and
100 mW/cm® (= 2.52 A)

Beo = band gap for silicon (= 1.11 eV)

Rs = geries resistance (neglected)

Rsh = ghunt resistance (neglected).

The array temperature, T, is given, approximately, by
the relation [8,12]: )

T =3.12 4+ 0.25 H+ 0,899 T - 1.3 w (10)
(o4 a 8

where:

T = ambient temperature in °C

wy = wind speed in m/sec.

The characteristics of any PV array may be simulated
through Bquations (6)-(10) under a variety of operating
conditions (temperature variations, wind speed varia-

tions, cloud cover, etc.). These relations, together
with the corresponding subroutines controlling the
operation of the A/D and D/A converters, form the

microprocessor program. The microprocessor controls
the remaining electronic circuitry, as shown in
Figure 5. A description of the operation of the
circuit depicted in Figure 5 follows.
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Pigure 5. Block Diagram of the Digital Section.

A current-to-voltage converter unit monitors the
simulator's output current and produces a proportional
voltage level. This signal, through an A/D converter,
is fed to the microprocessor. 'The program estimates
the output voltage of the simulator, corresponding to
the measured current, for a given PV array. This
voltage is converted to analog form through a D/A
converter. The rest of the circuitry is designed to
develop a voltage at the simulator output terminals
equal to the computed value. The components comparator
No. 1, comparator No. 2, sawtooth generator, and the
control element form a classical switching regulator
unit.  Comparator No. 1 compares the output voltage
with the signal originating from the D/A converter.
Next, with assistance from the sawtooth generator and
comparator No. 2, feeds to the element pulses of an
appropriate duration. Thus, the control element allows
for current pulses to be transferred through. These
pulses are finally smoothed by the inductance L and
capacitance C so that, at the simulator's output termi-
nals, the DC voltage computed by the microprocessor
appears.
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The procedure outlined above 1is continuously
repeated regardless of whether the load is changing or
remains constant. The circuit monitors, therefore,
constantly any load variations.

Because of the computation time involved, the time
required for A/D and D/A conversions, and the IC time
constant, it is not possible to track accurately
certain loads, such as an inverter operating at a
frequency of 50 or 60 Hz. Since, though, in practical
applications of PV arrays connected to a load through a
voltage-fed inverter, a large capacitor (of the order
of 10,000 pF) is inserted between the array and the
inverter to smooth out the current waveform, utility of
the digital section of the simulator becomes feasible
in this situation without introducing significant
errors,

The parameters ngy N, H, T., and w_ are program
input variables. Data assgciated with ce.stl fabrication
features are internal to the program.

The use of a switching mode to regulate the output
voltage results in a substantial reduction of the power
consumed by the simulator. Thus, two important eco-
nomic features of the proposed digital design refer to
the utility of low-cost components and the energy
savings achieved for 1long-term experimental testing
procedures.

RESULTS

A. Analog Section Performance

In order to verify the feasibility of the proposed
analog section design, a 2 kW array was used with a
current-voltage characteristic curve as "shown in
Figure 6, The analog section was adjusted and simu-
lated results were recorded as shown in the same figure
(dashed line). The difference between the actual and
the simulated curves is small and rather insignificant

I(A)
28.8

[ . . . N .
° I : 2.5 5.0 82.5 mo.o v

Compar ison Between Measured and
S8imulated Array Characteristics.

Figure 6.

when the simulator is used to study the transient
behavior of a PV system. The equivalent output capaci-

n

tance of the analog section, without the-;ac elemenf.
i s

was measured to be 0.07 wF., This value is negligible

compared to the corresponding array capacitance. The

latter is calculated from Equations (4) and (5) and is

n
approximately equal to ;2 C = 0.57 uF. The analog sec-
s
tion design is, therefore, complemented with a capaci-

tor of 0.5 uF at the section's output terminals so that
the simulator's behavior matches accurately the tran-
sient response of an actual PV array.

B. Digital Section Performance

An experimental verification of the digital sec-
tion was conducted using a series of static loads and
simulating the game 2 kW PV array as in the analog
case., PFigure 7(a) shows the computed and the measured
v-i characteristic curves for the actual array and the
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simulator, respectively. Parameter values used for the
simulation are n_ = 220, n_= 18, H = 100 mW/cm”, and
T, = 64°C. Deviations £rdn the theoretical PV array
behavior are observed to be negligible.

Figures 7(b) and (c) depict similar comparisons.
Parameter values for Figure 7(b) are: ng = 220, n_ =
18, H = 75 mW/cm”, T, = 64°C. For 7(c), the patameEer
valueg were chosen to be: n_ =220, n_= 18, H = 100
mW/cm®, and T, = 28°C. In both these Rast figures the
lack of any significant discrepancies between computed
and experimental results is evident.

CONCLUSIONS

The integrated design of an analog—digital simu-
lator permits the physical simulation of any PV array
under a wide range of operating conditions. The analog
section provides for a fast operating response making
it suitable for studies which are intended to test the
transient behavior of a PV system. The digital sec—
tion, on the other hand, offers the unique advantages
of a cost-effective implementation, accuracy and ease
of simulation, as well as flexibility in incorporating
changes of such environmental parameters as solar radi-
ation, temperature, etc.

The simulator can be used for a variety of studies
involving the interconnected operation of PVs with the
utility grid. It provides the versatility and cost-
effectiveness required for a diverse grouping of exper-
iments which may impose different time and parameter
constraints, Thus, ‘the same apparatus may be employed
to study harmonic injection phenomena, as well as
islanding and surge protection conditions.
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