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Abstract - PhotoVoltaic (PV) systems are widely spread-
ing in distribution networks and their detailed models are
required in power system simulation studies. Some compo-
nents of PV systems present non-linear characteristics, that
may introduce numerical instability problems during power
system simulation. In particular, the model of the PV gen-
erator introduces a non-linear dependency of the injected
current on the terminal voltage. The paper investigates the
numerical instability problems caused by the PV generator
model. To overcome such problems while keeping high com-
putational efficiency of the simulation, a new representation
of the PV generator model is proposed. It can be efficiently
included into power system simulation based on EMTP and
EMTDC and its validity is tested using PSCAD/EMTDC
tool.

Keywords - Grid connected photovoltaic system,
Photovoltaic generator, Power system simulation,
EMTP/EMTDC

1 INTRODUCTION

HOTOVOLTAIC (PV) systems are widely spreading
in distribution networks and attracting a growing

tions representing the rest of the power system must be
solved, using an iterative numerical algorithm. Some
power system simulation tools adopt this approach, such
as PSpice [15]. This approach is accurate but presents the
drawback of a heavy computational burden when simulat-
ing large distribution networks including PV systems.

To guarantee computational efficiency a different ap-
proach is used by separating the non-linear equations of
the PV generators from the linear equations of the rest of
the power system. This approach is referred to as Basic
Linear System Technique (BLST) in the following and is
adopted by power system simulation tools based on EMTP
or EMTDC [16]. However, the non-linear equations intro-
duce a dependency of the current injected by the PV gen-
erator on the terminal voltage, which in turns is related to
the operating conditions of the whole power system. Such
a dependency can cause numerical instability of the simu-
lation.

To overcome numerical instability problems, a possi-
ble solution is to use the Compensation Method (CM) [17,
18]. This technique, while keeping separated the non-
linear equations from the linear ones, includes the
Thevenin equivalent circuit of the power system into the
PV generator model. The CM avoids any numerical tran-

amount of political and commercial interest, because they
exploit a renewable energy source. To derive components
ratings, optimise protection and controller settings, per- ) X
form economic analysis as well as evaluate the impact on €M simulation tools.
the distribution system operation, detailed modelling of A new approach is proposed in this paper to overcome
grid connected PV systems for power system simulation Most numerical problems while keeping high computa-
studies are needed. tional efficiency of the simulation. The basic idea is to ex-
Research has deeply analysed the models for the com-tend the original approach of BLST by adding some infor-
ponents of a gnd connected PV system, inc|uding equiva- mation extracted from the non-linear equation of the PV
lent circuits of the PV generator [1, 2, 3], configuration generator into the linear equations of the rest of the power
and dynamic response of the inverter [4, 5, 6], behav- System. To this aim, the PV generator model, based on
ior of the grid interface and performance of the control the single-diode equivalent circuit, is modified by propos-
system [7, 8, 9]. Other important aspects have been ad-ing a new representation that can be efficiently included
dressed, related to the inclusion of the PV system into the into power system simulation tools based on EMTP or
distribution network [10, 11, 12, 13]. In this field, mi- EMTDC.
nor attention has been paid to the numerical problems that  In the paper, at first the classical PV generator model
arise during the power system simulation. They are caused based on the single-diode equivalent circuit is briefly re-
by the non-linearities present in the models of some com- called. Secondly, the problems that arise including this
ponents of a PV system. While numerical problems re- model into power system simulation are analysed. Then,
lated to the non-linearities of switching inverters are well the proposed approach, named Extended Linear System
treated [14], the ones related to the PV generators have notTechnique (ELST), and the new representation of the
been analysed and are tackled in this paper. PV generator model are presented. Eventually, using
From a strict mathematical point of view, in each step  PSCAD/EMTDC tool [16, 19], numerical results are re-
of the simulation, the set composed of the non-linear equa- ported showing cases in which numerical instability prob-
tions representing the PV generators and the linear equa-lems are overcome.

sient bur requires the evaluation of the Thevenin equiva-
lent impedance, which is not available in most power sys-

17" Power Systems Computation Conference Stockholm Sweden - August 22-26, 2011

(]

Pscc




2 RECALLING THE SINGLE-DIODE wherel andV are the terminal current and voltage of the
EQUIVALENT CIRCUIT real PV cell and), is the current diverted through,.

The basic unit of a PV generator is the PV cell. An I R,
individual PV cell typically produces from 1 to 2 W. To —
increase the power, cells are electrically connected to form lfw
larger units, called PV modules. In practice, a PV module
consists of PV cells connected in series. Modules, in turns, Iy Q) XZ ll"
can be connected in series and parallel to form larger units
called PV panels. Panels connected in series constitute a
PV array. Arrays connected in parallel constitute a PV Figure 2: Single-diode equivalent circuit of the real PV cell.
generator.

Vi Ry 14

The single-diode equivalent circuit is the most com- If the five circuit parameters, 1y, 1,, Rs and R, are
monly adopted model for PV cells, accounting for the related to the PV module, which consists ff; series-
photon-generated current and the physics ofmgunc- connected PV cells, equation (3) still holds for the PV
tion of a PV cell [1]. module, provided that the inverse thermal voltage in (2)

I is modified according to
BT) = ——. @)
M kT
L Q) XZ l]’l Y In general, all the five circuit parameters are functions
of the type of PV device, the solar irradiatiéh and the
p-n junction temperatur@. They can be determined on

Figure 1: Single-diode equivalent circuit of the ideal PV cell. the basis of experimental data or data provided from man-
ufacturers, by using different methods including approxi-
mate analytical expressions [2, 20] and accurate empirical
model [21]. In this paper, only the dependencies! pf
andI, from the environmental conditions are considered,
whereas the dependencieswoi?; andR, are neglected.
The circuit shown in Fig. 2 can also be used to rep-
resent a PV generator, composed/\gf parallel andV

Fig. 1 shows the single-diode equivalent circuit of the
ideal PV cell, composed of a current source, modelling the
photon-generated electron-hole pairs under the influence
of the built-in field, and a diode in parallel to the source,
modelling the diffusion of minority carriers in the deple-
tion region. The basic equation describing the ideal PV

cellis series connections of PV modules, which are assumed to
L(V;) = I,—I4(V;) be of the same type and in the same environmental con-

8v; ditions. In this case, the five circuit parameters involved

= Iy- (IO (e — 1)) @) in (3) and the inverse thermal voltage in (4) are related to

whereI; andV; are the terminal current and voltage of the PV generator and indicated Withe,,, Iy gen, Lo,gens
the ideal PV cell I, is the current generated by the inci-  Ls,gen: Rp gen @NdfG4en respectively. They can be evalu-
dent light andZ, is the current diverted through the diode. ated from the PV module parameters as

The currentl is replaced by the Shockley diode equation

modified by the ideality factos, to take into account the Agen =@ Iggen = Nplg Lo gen = Nplo

effects of recombination in the depletion region; in (), _Ns _Ns _B
. . . . . Rs,gen - Rs Rp,gen - Rp ﬁgen_ . (5)
is the diode reverse saturation current, grid the inverse N, N, Ny
thermal voltage defined as
g On the other hand, the single-diode equivalent circuit
B(T) = 4 2 can always be used to represent a group of PV modules of
kT the same type and in the same environmental conditions,
wherek is the Boltzmann constant $806503¢~23 J/K), and various circuits can be electrically connected to form

q is the electron chargd 60217646e~'° C) andT is the the whole PV generator.
p — n junction temperature.

Fig. 2 shows the single-diode circuit of the real PV 3 |INCLUDING THE PV GENERATOR MODEL
cell. The model of the ideal PV cell is enriched by the se- IN THE SIMULATION
ries resistancei,, related to structural resistances of the
PV cell, and the parallel resistanég,, due to the leak-
age current of the-njunction. By using (1) and applying
Kirchhoff's laws, the basic equation describing the real
PV cell is obtained

The PV generator model, based on the single-diode
equivalent circuit, is essentially a non-ideal current gener-
ator: it injects a currenf whose value depends on the PV
terminal voltage/, which, in turns, depends on the oper-
ating conditions of the whole power system which the PV

I(V) = L(V)-1,(V) generator is connected to.
BV+RsT) V + RsI For the sake of simplicity and clarity, but without any
= (Ig — I (e = - )) - R, (3) loss of generality, the following assumptions are adopted:
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— the PV generator is composed of modules of the Cstart)
same type and in the same environmental condi- ]
tions:; S

— the power system is assumed to be linear except for A
the presence of the PV generator;

— the parameter$t, and R,,, being constant, are in-
cluded into the model of the linear power system;
then, the non-linear component is reduced to the
ideal PV generator in Fig. 1.

To explain the problems arising in simulation and to il-
lustrate the proposed solution, a simple circuit, represent-
ing an ideal PV generator supplying a resistive léadis
used as example case (Fig. 3).

i, Figure 4: Block diagram of the simulation steps in case of BLST.

Z iLz Vi §Rv comparable with the one of linear power systems. How-
ever, the non-linear equation introduces a strict depen-
dence of the PV generator performance on the operating
Figure 3: Ideal PV generator supplying a resistive load. Cond|t|_0n3_0f the_ _Wh_0|e power system, which can cause
numerical instability in the simulation.

From a strict mathematical point of view, in each step Referring to the example case in Fig. 3, fHh step of
of the simulation, the set composed of the non-linear equa- the simulation results into

tion of the ideal PV generator and of the linear equations

representing the rest of the power system must be solved Vi(k) = Re I;(Vi(k — 1)) @)

using an iterative numerical algorithm, typically based on

the Newton-Raphson technique. Some power system sim-which is the zero order approximation of the Taylor se-

ulation tools adopt this approach, such as PSpice. ries of (6). The numerical instability is due to the one-step
Referring to the example case in Fig. 3, in fh step delayed valueV;(k — 1) used in (7). An approximated

of simulation the following non-linear problem should be  sufficient condition for convergence to be satisfied at each

X The BLST presents a computational burden which is
«(D

solved step of the simulation is
Vz(k) =R, I’L(‘/:L(k)) (6) 1 3I¢(V¢)
o 5 > : (8)
wherel; (V;(k)) is given by (1). R, Vi vi-1)

This method is accurate but presents the drawback of a
heavy computational burden when simulating large distri- This condition is derived in the Appendix.
bution networks including several PV systems. Numerical To overcome numerical problems in BLST, a possible
instability may arise inside the iterative numerical algo- solution is to include the Thevenin equivalent circuit of
rithm that solves the set of linear and non linear equa- the power system, as seen from the PV generator termi-
tions, but the Newton-Raphson techniques are nowadaysnals, into the PV generator model, namely the CM. The
enhanced to be quite robust. block diagram related to thieth step of the simulation is

To guarantee computational efficiency, a different ap- represented in Fig. 5. In details, at first the linear power
proach can be adopted by separating the non-linear equa-system is solved assuming no current injection from the
tion of the ideal PV generator from the linear equations of PV generator. The resulting vectdf (k) represents the
the rest of the power system, namely the BLST. The block values of all nodal voltages in absence of the PV gener-
diagram related to theth step of the simulation is repre-  ator. It also includes the voltagé®(k) calculated at the
sented in Fig. 4. In details, the valdg(k) is evaluated PV generator terminals, which coincides with the open-
by (1) given the valué/;(k — 1) available from the pre- circuit voltage of the Thevenin equivalent circuit. The
vious step of the simulation. Then, the linear power sys- network solution also provides the value of the Thevenin
tem is solved, assuming a current injection equal;{&) equivalent impedancg?" (k) as seen from the PV gen-
in place of the PV generator. The resulting vecitiic) erator terminals. In the second block, the valugr) is
represents the values of all nodal voltages, which also in- evaluated by using an iterative numerical algorithm that
cludes the valud’; (k) of the voltage at the PV generator solves the non linear circuit composed of the PV gener-
terminal. The BLST is adopted by various power system ator and the Thevenin equivalent. In the third block, the
simulation tools, such as the ones based on EMTP and linear power system is solved assuming the PV genera-
EMTDC. tor current injection/; (k) as the only enforcement. The
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result is the vectoW’: (k) of nodal voltages in presence
of the only PV generator. Eventually, the vectfk) of
nodal voltages is obtained by superimposing the effects:
V(k) = Vo(k) + VTi(k).

A4

Linear System
without I;(k)

Ve(k)
Vie(k)

Linear
with the

System
only I;(k)

Vo (k)
A4
Superposition
V(k) = V°(k) + Vi(k)

Vi(k)

V(k)

A
End

Figure 5: Block diagram of the simulation steps in case of CM.

Referring to the example case in Fig. 3, sif¢eco-
incides with the Thevenin equivalent impedance and the
open-circuit voltage is absent, in tith step of the sim-
ulation the CM solves (6) by an iterative numerical algo-
rithm.

The CM presents the advantage that it avoids any nu-
merical transient. The main drawback is that it needs
the evaluation of the value of the Thevenin equivalent
impedance at the PV generator terminals in each step of
the simulation. This value is available from the linear sys-
tem solution only if the network is solved by explicit in-
version of its admittance matrix. Such an inversion is very
heavy in terms of computational burden and therefore it is
not used in simulation tools.

4 EXTENDED LINEAR SYSTEM TECHNIQUE

Another approach to overcome numerical problems,
namely the ELST, is proposed in the following starting
from the methods used to include rotating machines and
switching devices in power system simulation [22, 23].
The basic idea is to extend the BLST adding a linear rep-
resentation of the non-linear equation of the PV generator
into the solution of the rest of the power system. The block
diagram of the:th simulation step for the proposed ELST
is represented in Fig. 6. The first block is the same as the
one inthe BLST case: the valdg k) is evaluated by solv-

ing (1) given the valud&/;(k — 1) available from the pre-
vious step of the simulation. The difference is in the sub-
sequent blocks. While the BLST solves the linear system
represented in Fig. 7a, the ELST solves the extended lin-
ear system represented in Fig. 7b. The two linear systems
differ for the value of the current generator: in the BLST it
is equal tol; (k) and in the ELST td, (k). Moreover, the
extended linear system presents an additional shunt branch
including the voltage generatdf;(k) and the resistance
R4(k). These two components model the linear response
of the diode around the operating voltaggk — 1) and

are evaluated by

_ L(W)|Tt e s
Ra(k) = Vi e _ﬂloe 9)
Va(k) = Vi(k—1) — Ra(k) I(V(k — 1))
a _BVik1)
= Vz-(k—l)—B(l—e ). o)

Consequently, the second block in Fig. 6 evaluates
Va(k) and R4(k) and the third solves the extended linear
system to obtain the vectdt(k) of all nodal voltages.

Referring to the example circuit in Fig. 3, the solution
of the extended linear system is

Va(k) )
Ra(k)

R.R(k)
R, + Rd(k) g
and, substituting (9) and (10) into (11), it can be easily
proved that thé:th step of the simulation results into
o1,(v;)

which is the first order approximation of the Taylor series
of (6).

Vi(k)

(11)

Vi(k) = R. (Ii(Vi(k - 1))

+

(Vi(k) = Vi(k = 1))
Vi(k—1)

»
-1V >

Vi(k—1)

Y A
Evaluate V; and Ry
using (26) and (27)

Va(k)
Ra(k)

Extended
Linear System

V(k)

Vi(k)

A\ A

Figure 6: Block diagram of the simulation steps in the proposed ELST.
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| Parameter | Unit [ Value |
A Cell type multicrystal
Rest of the My 54
L(MQ) Vi(k) electric power Open-circuit voltage V) 32.9
system Short-circuit current (A) 8.21
Voltage at MPP V) 26.3
Linear System Current at MPP (A) 7.61
(a) Voltage/temperature coef. (V/K) -0.123
Current/temperature coef. (MA/K) 3.18
Table 1: Data-sheet parameters of the KC200GT module at STC
Ra(k) Rest of the
I Ak’)G) Vi(k) electric power
G system | Parameter]  Unit || Value |
a 1.2
Extended Linear System Rs () 0.265
(b) R, (©) 313
Figure 7: Linear system in BLST (a) and extended linear system in I (A) 8.22
ELST (b), solved at théth step of the simulation. I, (A107Y) 21.2

The main advantage of ELST with respect to the CM Table 2: Parameters of the single-diode circuit for the KC200GT module
is the absence of the evaluation of the Thevenin equivalent & STC
circuit of the power system. Then, it can be implemented
whatever technique is used for the network solution. Ex-

isting power system simulation tools can be used, which | Parameter| Unit [ Value |
are very effective in dealing other non-linearities, such as R. () | 0.01to 100
the ones related to switching devices in the PV system. L. (mH) 0.01

On the other hand, the ELST introduces numerical C. (uF) 1.0
transients, due to the approximation of the Taylor series at E. (V) 850

the first order derivative. Anyway, simulation instability
is significantly reduced with respect to the BLST, which Table 3: Electrical parameters of the circuits in Fig.8
uses a zero order derivative approximation.

5 NUMERICAL SIMULATION RESULTS N J ; “©
The results of numerical simulation studies are re- ¢ | G,
ported to test the performance of ELST with respect to VgR(‘ v —L ¢ 3k
numerical stability. All simulations have been performed T, T, E,
using PSCAD/EMTDC with a simulation sampling time _ _
equal tol ps.

A 152 kW PV generator is considered. It is composed = =
of NV, = 20 arrays; each array is composed/¢f = 38 (a) (b)
modules by Kyocera of the KC200GT type [24]. The Figure 8: Simulated circuits: case (a) and case (b).
datasheet gives some operational data with reference to
the Standard Test Conditions (STC) of irradian@e, and
temperature?’., as reported in Table 1. Referring to the In case (a) the numerical stability has been tested
single-diode circuit in Fig. 2, the values of the parame- with a step variation of the irradianad@ from 100 to
tersa, R, Ry, I, andl, are evaluated by using analytical 1000 W/m?. The temperatur@' has been kept constant
expressions reported in [20] on the basis of the data pro- and equal to 25C. Varying R,., it has been observed
vided by manufacturers. Table 2 reports the values of the that the simulation using BLST becomes unstable when
parameters of the single-diode circuit. R. > 6.61, that is whenR, is larger than the value

The two circuits shown in Fig. 8 are simulated: in corresponding to the maximum power point at STC. In
case (a) the PV generator supplies a load represented byfact, with such values oR., the PV generator character-
a variable resistanc®,; in case (b) the PV generator istic presents a slope in thé’, I) plane which is larger
is connected to a network equivalent, represented by an in absolute value than the slope of the load characteristic,
impedance includindz., L., C. and a voltage generator  see (13). On the contrary, the simulation based on ELST
E.. The values of the electrical parameters of the circuits has proved to be stable for all the valuegf Assuming
are reported in Table 3. To test the improvements of nu- R, = 102, in Fig. 9 the time evolutions of the PV gener-
merical stability, the results of simulations performed us- ator voltagel” and current are shown arountl= 0.05 s,
ing both BLST and ELST are compared. when the step variation af occurs. It is apparent that
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in few steps of the simulation the numerical transient of
ELST is extinguished. 0 4 iotage

(kV)

In case (b), the numerical stability has been tested with 1607

the same step variation ¢f and the same value af as 1207 T —
the ones of case (a). The simulation based on BLST be- 0807
comes unstable for values Bf higher than 1@, whereas

the simulation based on ELST is always stable. Then, as-
suming that the PV generator operates at STC, electric

0.40 A

0.00 -

M current

0.160 -

transients have been tested, caused by faults and switch 2

opening as represented in Fig. 8b. The simulation based = 01201

on BLST presents numerical instability when the fault is 0.080

cleared and when the switch is opened. On the contrary, 0.040 1

the simulation based on ELST is stable, although some 0.000 1

numerical transients appear. The time evolutions of PV - T . Y Py o
generator voltage and current are shown in Fig. 10: at time(s)

t = 0.05s the fault occurs and it lasts until = 0.1 s; . ' ) )
. . . Figure 10: Time evolutions of PV generator voltage and current in case
then, att = 0.15 s the switch opens and it closes again at (). 4 the simulation.

t = 0.2s. The numerical transients are more significant
when the fault is cleared and when the switch is opened.
For these two transients, the zoomed time evolutions of
voltage and current are shown in Fig 11 and Fig. 12, re-

M yoltag
spectively. = 1607 o
< 1204
0.80 4
6 CONCLUSIONS 040
The paper tackles the issue of PV system modelling 0001
for power system simulation studies. In particular, it in- = current
vestigates the problems of numerical instability caused by =~ o0.160 —
the non-linear PV generator model. A new representation £ g4
of the classical PV generator model, based on the single- oYotoh

diode equivalent circuit, has been proposed. It can be effi-
ciently included into power system simulation tools based
on EMTP and EMTDC. The aim is to overcome prob-
lems of numerical instability, while keeping high com-
putational efficiency of the simulation. Numerical results
have shown the effectiveness of the proposed representaFigure 11: Time evolutions of PV generator voltage and current in case
tion of the PV generator model. (b): fault recovery.

0.040 -

0.000 -

0.09997 009999  0.10001  0.10003 ~ 0.10005  0.10007
time (s)

e M yoltage M voltage
= ~ 2.0 -
> >
< 120 < 60
050 | 1.20
0.80
040 7 0.40
md 0.00
M current M current
01604 o ==
Z _ 0.1601
< | <
0120 = 0.120 {
DY 0.080 - \
0.040 - 0.040 - \
0.000 J 0.000 1
004995 004997 004999  0.05001 = 0.05003  0.05005 014996 = 014998  0.15000  0.15002 = 0.15004  0.15006
time (s) time (s)

Figure 9: Time evolutions of PV generator voltage and current in case Figure 12: Time evolutions of PV generator voltage and current in case
(a): step on irradiance. (b): switch opening.
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APPENDIX
In BLST, the(k + 1)th step of the simulation evaluates
Vilk +1) = Re I;(Vi(k)) (13)

which, using the first order approximation of the Taylor series of

1;(Vi(k)), can be written as
Vilk+1) = RI(Vi(k—1))+ (14)
o1, (1)
e Vi(k) = Vi(k —1)).
ov: Vz‘(kfl)( )
Substituting (7) in (14) yields
Vik+1) — Vi(k) = (15)
o () Vi(k) = Vi(k — 1))
ov: Vi(k—1)

A sufficient condition for convergence poses that

[Vi(k +1) — Vi(k)| < |Vi(k) — Vi(k —1)| (16)
which, standing (15), is satisfied if
oI; (Vi
L, |20 an
Re Vi lve-
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