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Abstract: This paper presents a novel, low-complexity method of simulating PV source
characteristics suitable for real-time modeling and hardware implementation. The appli-
cation of the suitable model of the PV source as well as the model of all the PV system
components in a real-time hardware gives a safe, fast and low cost method of testing PV
systems. The paper demonstrates the concept of the PV array model and the hardware
implementation in FPGAs of the system which combines two PV arrays. The obtained
results confirm that the proposed model is of low complexity and can be suitable for
hardware in the loop (HIL) tests of the complex PV system control, with various arrays
operating under different conditions.
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1. Introduction

Photovoltaics (PV) is one of the most important renewable energy sources. Due to the sub-
stantial complexity of PV systems, an effective simulation tool can be advantageous for testing
concepts of conversion stages, as well as control. There are many simulation methods applied for
testing PV systems [1-18]. The modeling approach is also suitable for simulations of other
renewable energy sources and systems [2, 5, 19-22] which can be used as components of a smart
grid system [23].

PV array models generate i(u), p (u) according to their specific characteristics, depending on
the type of array, as well as irradiance and temperature. For a system simulation, apart from
PV sources, power electronic converter topologies and control are also tested in simulation ap-
plications [4, 9].

Most PV source models utilize a model of the diode [1, 3, 6-9, 11-13, 16]. Some concepts for
simulating PV sources and systems are dedicated to emulate PV systems in real-time hardware
(FPGA or ASIC) (Fig. 1). In PV systems, real-time simulations of PV sources make it possible
to construct power supplies with PV characteristics [3, 4, 10] and to conduct laboratory tests
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without using expensive solar panels. They also make it possible to set the specific operating
conditions of the PV panel (e.g. in a space environment). In real-time hardware simulations (and
also in PC-based simulations), a PV system is often composed of many PV arrays connected in
series and parallel. Such systems become extremely complicated for real-time simulations, and a
simple representation of a PV array model can become critical.

Hardware simulations can be performed for testing control on a real-time emulator of
a power system implemented in an electronic chip [2-4]. Such a method is safe, fast and in-
expensive, and makes it possible to carry out HIL tests. It can be more useful than PC-based
simulations for verification of the operation of a targeted controller solution with a real-time
object. Algorithms typical for PV systems, such as MPPT (Maximum Power Point Tracking) or
anti-islanding [4] can be very effectively analyzed in an HIL system. Similarly, a problem of
partial shading [2-4], of PV can be effectively tested due to the complicated control of the
integrated components. The implementation of MPPT for global power peak searching under
partially shaded conditions, or by individual energy conversion with MPPT and using a multi-
level converter is also very important. HIL tests can be a very attractive method of testing com-
plex, expensive systems (such as power converter systems, wind farms, driverless cars, etc.) and
make it possible to reduce time and costs in comparison to field tests.

A laboratory setup for testing systems with the application of many PV arrays is very ex-
pensive, and so hardware simulation (in FPGA IC) reduces costs and makes it possible to verify
conceptions for system control and topologies. In the case of a DC power supply with
a PV-type output, a single PV-array characteristic is usually generated. The characteristic can be
defined by a set of typical values that depends on the external conditions of PV array: Uoc, Isc,
Impp, Umpp.

{1 FPGA

PV SYSTEM MODEL

- PV SOURCES (with temperature
and irradiance inputs)

- CONVERTERS

- LOAD, GRID

- FILTERS

- SENSORS

SIGNALS SIGNALS
CONTROL
- REGULATORS
- MPPT
- ANTI ISLANDING ALGORITHMS
- PROTECTIVE ALGORITHMS

- SYSTEM MANAGEMENT
- PWM

Fig. 1. An idea of FPGA-based hardware simulation
of a PV system and control verification in a real-time model

Signals generated by the model of the system implemented in the FPGA structure can be
easily analyzed in the FPGA (e.g. the grid current THD or DC component). If they are used for
control, the calculation procedure performed in the FPGA or DSP is verified during the
simulation stage of the investigation.
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This paper presents an idea for very low-complexity modeling of complex PV arrays (with
many individual PV panels), published only as a patent description [17-18] so far. The concept
of the model is presented analytically in Section 2. The following Section demonstrates an ap-
plication of the model in FPGA-based real-time simulations.

2. FPGA-based simulation of power electronic systems

A photovoltaic system is composed of a PV source, power converters, filters and loads (as
well as a control unit). Passive RLC components can create topologies that can be easily solved
in real time after the discretization of any circuit equations (typical DSP algorithms should be
calculated — e.g. as in [24] where an LCL AC filter was modeled). Switches (controlled and non-
controlled) change the circuit topology, and their state depends on the control and the circuit
conditions. The action of switches can be simulated in an FPGA as an ideal or with losses.
A grid voltage waveform can be modeled with the use of algorithms of signal generation, or with
the use of a table of values in a lookup table, where digital oscilloscope measurements can be
used as signals in simulations.

A. Switching converters
Fig. 2 presents an idea for the construction of a PV system model.

E1, TPV array 1 En, Tn|PV array n
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control ucmvwli control Uchani
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Fig. 2. Flowchart of calculation of the photovoltaic conversion system with multi DC strings
and the central inverter
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The system is divided into DSP blocks described by G (z) transmittance and non-DSP blocks
that describe the PV source, grid voltage and converters (structures with switches). The
switching components can be very simply simulated as ideal switches by setting their states
between zero and infinite resistance. Variations in switching states or load and sources trigger
transient states in the circuit composed of passive devices. Individual L or C components can be
treated as ideal or with resistances. For instance, a discrete model of a series RL circuit can be the
following:

TP TP

i(n)=i(n-1)e T +%u(n—1) 1-e T |, )

where: T = L/R.

Complex circuits such as an LCL filter in a grid-connected inverter require solving a set of
differential equations.

The boost converter used in the model presented is calculated in two stages, depending on the
switch state (Fig. 3). These problems have been widely analyzed in the literature. As with the
step-up converters various other solutions can be applied, e.g. such as the switched-capacitor
boost converter presented in [25].

ith Ly Rina | idb o[ ] % 12
Uint) “Cd

‘ G

Fig. 3. The boost converter’s simplified (ideal switches) discrete modeling

3. FPGA-based models of PV arrays

The most interesting component for modeling in real time is a PV array. This is a very im-
portant problem because it makes it possible to reduce the cost and time of PV system inves-
tigations and prototyping with the application of simulations. PV array models are used in
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PC-based simulations, as well as in hardware simulators. The implementation of a PV array
model dedicated to real time should be possible in hardware such as, for example, an FPGA.
A model of a single PV array is then not supposed to use a substantial amount of resources of the
FPGA, because in practical PV systems there are often many PV arrays used in various
configurations.
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Fig. 4. An example of a PV generator under the partial shaded conditions. Experimental results

The problem of modeling and control also becomes more complicated when partial shading
problems occurs. The PV characteristic can have a larger number of maximum points in such
case. An example of the measured characteristic of a partly shaded PV source is presented in
Fig. 4. In conclusion, to achieve hardware implementation of complex PV systems for real-time
emulation, a simple, effective model of a PV array is necessary.

A. A novel method of PV array modeling on the basis of a relation of two functions

A new method for real-time systems, where PV arrays characteristics are simulated, with
a very simple method of approximation of i(u) and u(i) relations, is proposed. Fig. 5 presents
a construction of a u(i) characteristic as a relation between two straight lines: (Isc-ipv) and
(Isc-aipv), Wwherea € R,a< 1.
(Isc-iPV)

A (Isc-iPV) iPV(ISC-aIPV)
Isc-aiPV) /"'\

Fig. 5. A graphical representation of the

. Stright: : A .
Lo (lscnipy) construction of upv(irv) and prv(irv) [17]
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The relation between the two straight lines is as follows:

0< (Isc —ipy) <1

. @
lsc —alpy
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A basic formula for a PV array characteristic can be following:

_ (Isc —ipv)
Upy =Uoc (lse —aipy)’ ®)
Ppv = Upy-ipy - 4)
Relation (3) complies the following conditions:
Upy = 0foripy = Igc, ®)
Upy =Uqgc foripy, =0. (6)
Using more parameters in the presented construction may lead to simplification to (3):
Upy = kUge (Isc —in.) , @
blge +C—Mipy,

where: b, ¢, m > 0 and for ipy> 0: blsc + ¢ - mipy > 0.
If for ipv = O the voltage upv equals Uoc:

|

From (8) it follows that:

b=k,c=0. 9)
Taking (9) into consideration, (7) has the following form:
(I —ipy/) (lc —ipy) _m
Upy = kU PV —Upe Vo T —a, 1
PV =K0C T ios migy) - OC m. " (10)
lsc = Tev

From (10) it follows that application in (3) more parameters besides a is not necessary
because it may be simplified to the basic function (3).

Equation (3) is the algebraic formula for i(u) and u(i) and it has two key parameters defined,
Isc and Uoc, which are related to the exposition of the PV array and temperature. The coefficient
a is responsible for the shape of the u(i) characteristic, which makes it possible to simulate a real
PV array. Figs. 6-8 show the influence of the Uoc, Isc, and parameters on the calculation of the
Upv (ipv) Characteristic.

There are also two important parameters set as a constraint on the PV array u(i) curve
simulation. These are the value of maximum power and the position of the maximum power
point (MPP) on the curve. Thus, they can be set as a pair: (Uwmee, Impp), OF (Pwmee, Imep), OF (Unmee,
Pwpp).
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// \ Fig. 6. An impact of the “a” coefficient
: (Isc-aiPV) “ on the PV array model pev(irv) (3)-(4)
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The parameter a(Uwmpp) can be calculated as follows:

dppy
——==0 for |=Ilwpp, 11
at or MPP (11)
. . lee —i
ppy lipy )= 'PvUoclsciEVv ae(0,1). (12)
sc ~alpy

The maximum can be found from the formula:

dppv(i PV) ai%y — 2lgcipy + 14
——=Uqc
(Isc —aipy)

Gioy (13)

To find the maximum (the value of the current in the MPP), the zeroes of the following
equation should be solved:

aidy —2lgcipy +13: =0. (14)

There are two solutions of this relation (14):

Iscli++1-a)

for ae(0, 1) ipv1> Isc then ipys is over the range.
. Igcll-v1-a
Ipv2 = —( ) (16)

a

for ae(0, 1) ipv2< Isc.
Using (16), the MPP values versus a parameter can be found:

1-v1-a

pvmpe = lsc = an
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a—-(1-v1-a)

Upympp =Yoc (18)

avl-a

From equations (17) and (18) it follows that the coefficient a makes it possible to fix the
value of one quantity from the current, voltage or power in the MPP. The other two become
a function of the parameter a. For example, the parameter a can be calculated from the desired
value of the current in the maximum power point:

)
Isc s

a=2. e
lPvmPP  Ipympp

(19)

Fig. 7 presents the variations of relative values of the current, voltage, and power of the
simulated PV array as a function of the parameter a. Fig. 8 presents calculation results of PV
array characteristic using model (3). Impact of the coefficient a, and Uoc as well as Isc is also
demonstrated.
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Fig. 7. The relative values of the current, voltage and power of simulated PV array
as a function of the parameter a.
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Fig. 8. An influence of a from (3) on calculated upv(irv) characteristic

The PV panel can be loaded with a device that represents a voltage source or a current
source. Thus, the relations derived from (3) that describe the PV array current versus voltage are
necessary. This relation can be calculated in the following way:
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u . .
ﬂ(Isc_a"Pv):(Isc _'Pv), (20)
oc
; Upy ; Upy
oy — aslpy = Isc[l_ : (21)
Uoc Uoc
; Upy Upy
IPV(]'_ 'aJ = Isc(l_ ' (22)
Uoc Uoc
T UOC =1 (UOC_UPV)
by = lsc =lsc (U ) . (23)
(1_ Upy _aJ oc —a-Upy
Uoc

It is remarkable that both equations (3) and (23) use the same coefficient a.

B. Additional correction of the PV curve

The parameter a makes it possible to adjust the value of the power in the MPP (Pwep), but
also affects Impp Or Umpp. In order to modify the parameters of the PV characteristic indepen-
dently, additional corrections can be introduced in the basic formula. Those corrections can be
achieved by a very simple modification of one or two straights used in the basic Formula (3). In
the example case:

(Isc_ipv)
(Isc —(@ip, +CF)) ’

Upy =Uqc - (24)

where: CF is a correcting function.
Fig. 9 and Fig. 10 present a case where a straight-type correction function (CF) is introduced
to the PV model.
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Fig. 10. Application of a correcting function CF = Isc-2-0.57Ipv for MPP setting: (a) functions used in
the model; (b) PV voltages and powers vs. current in the uncorrected case and the case of the use of CF
function; (c) the case of correction with the PV voltage limited to Uoc.

C. Series and parallel connection of the PV arrays
A simulation of a series connection of PV arrays according to (3) by calculating a particular
PV array voltage.

Upy = D Uy (ipy) . (25)

Another optimized approach makes it possible to avoid n-times division when the total vol-
tage is calculated. The current of the PV arrays in a series connection is the same, but the short
circuit current is different in each array. Thus, the formula cannot be significantly simplified but
can be converted to a solution that needs only one division, as shown in the example below:

(Ism_ipv) . (Iscz _ipv)

Upy =Upyy +Upy, =Uqr - - P
Y i PV oct (ISC1_a1IPV) oc? (lscz_azlpv)

(26)

_ Uog - (lsc1 — in) ) (Iscz — azin) +Uoc, '(lscz — in) ) (Isc1 _aliPV)
Upy, , (27)

(lsc1 - aliPV) : (lscz - azipv)

Upy =
; -2 ; 2
_UYoa - Uscrlsca —ipv(lsca + IsciB2) + @lpy ) +Uocs - (Iscalser —ipv(Iscs + Iscoty) + Bslpy ) - (28)

(Isc1 = ayipy) - (Isc2 — @slpy)
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The relationship (28) can be calculated by using the multiplication and addition of compo-
nents, and, finally a division. When one division is calculated in (28) the hardware (e.g. FPGA)
resources can be saved using (28) instead of (26). This leads to the conclusion that the proper
preparation of a calculation performed in real time (at the model creation stage) can make
substantial savings on hardware resources possible. The calculation of parallel systems can be
analyzed in the same way. The difference is that the parallel branches have the same voltage at
terminals.

4. Real time hardware implementation of the PV array model

The proposed model represents an algebraic function between upy and ipy. Thus, a recurrence
calculation or lookup table searching is not needed, and so the method is very fast, and resource
efficient. In this way, simulating a single PV source, even in a real-time emulator, is very simple
and efficient. However, most PV systems utilize strings of PV arrays in series or parallel
configuration.

In real time systems, the speed of calculating the U/l characteristic can be critical for the
emulator. Where necessary, the PV array parameters can be calculated using an independent,
digital part of the resources for each PV source. The first table and Fig. 11 present an example of
the implementation of a single upy(ipy) characteristic according to (3). The system is modeled
with the use of fixed-point arithmetic with 10-bit precision (Fig. 12).

In order to save resources, the most resource-demanding part of the model, namely the
divider, can be shared for various instances. A sample concept of such a solution is presented in
Fig. 12, where two models of a PV U/l characteristic are calculated with the use of a single
divider. In general, when the time of calculating a PV U/I characteristic is achieved shorter than
demand, the method which utilizes the available resources, may be used to provide many
different calculations. In such a case, the PV array algorithm can be used many times in the
overall calculation cycle, using different parameters to calculate the characteristics of many PV
arrays. This solution can provide a very efficient utilization of resources and can be used for PV
plant simulations. The simulation model was also verified in the debugging tool. Fig. 13 presents
waveforms of a system composed of two PV arrays connected in series.

—clk
——5c[9..0]
Uocl9..0] Upv[9..0]
— fg[gmm Resource type Amount
- LC Combinationals 571
LC Registers 10
if Ipv < Isc then Upv: = Uoc*(Isc— I_PV)/(Isc -a* I_PV); DSP 0

else U_PV:=0;

Fig. 11. Resources usage in the simplest approach for VHDL calculation of a single PV U/l characteris-
tic. FPGA Cyclone 111 resources for 10 b resolution, commutated with 50 ns VHDL-based process
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—clk MUX
—y|sc[S..0] Num[19..0] J—
| )0 [9..0]
ed:(7.0]  Denum[9..0] —
e v[9..0] Num[19..0]
UpV[9..0] frmm—
Denum(9..0]
—clk DIV%R
ey |5[9..0] Num[19..0] ]
| |0 C[9..0]
—[7..0] Denum(9..0]
| v[9..0] MUX
Num: = Uoc*(Isc-1_PV);
Denum: = (Isc-a*1_PV);
Resource type Amount
Numerator/ A . 11
Denumerator LC Combinational LC Registers 30
Mux LC Combinational LC Registers 18
. I . 334
Divider LC Combinational LC Registers 30

Fig. 12. Resources usage in the simplest approach for VHDL calculation of a single PV U/I charac-
teristic. FPGA Cyclone 11 resources for 10 b resolution for input and output signals with internal 20 b
numerators. 50 ns clock period

log: 201605122 132610 #0
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U_PVO 479
‘ - [l
| |
U_PV1 384 |
|
|
P_PVO 304644 |
| ‘\
‘ |
P_PV1 244224 |
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\
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Fig. 13. FPGA-based real-time simulation results of the system composed from two series connected PV

arrays. Results plotted in Signal Tap Logic Analyzer in Quartus software
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It is evident that complex characteristics with local maxima can be adequately simulated,
which can be suitable for tests of control algorithms such as MPPT.

Conclusion

In this paper, a concept of a very low-complexity mathematical model of PV source characte-
ristics was presented. In the model, the basic parameters of the PV characteristics (such as open
circuit voltage, short-circuit current, and MPP power) are defined. The model is suitable for real-
time hardware simulation, as confirmed using an FPGA-based implementation of the model. In
complex PV array systems, the proposed model can be simplified to achieve a reduction in the
hardware resources required. A further modification of the basic formula makes it possible to
program parameters in the maximum power point. On the basis of tests of the implementation of
the proposed model in the FPGA hardware, the following conclusions can be also confirmed:

— it is possible to verify the control of complex systems without the application of power com-
ponents (PV source, converters, filters, grid),

— control algorithms can be tested in a dedicated device (e.g. FPGA, DSP, analog),

— failure states and protective algorithms can be tested safely,

— the effects of environmental conditions (e.g. irradiation, temperature) on the analyzed system
can be tested easily,

— the method can be applied in systems with other renewable energy sources,

— the PV array characteristics generated can be refreshed with megahertz frequency (a single
PV model can be used by many converters having different parameters),

— signals from the model (e.g. grid current) can be analyzed in real time in the same FPGA,

— debugging tools make it possible to observe many signals simultaneously (more so than with
the use of scope measurements).

For further improvements and utilization of resources, a more effective division should be
implemented.
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