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Abstract : Optimum matching of loads to Photovoltaic (PV) generator is most desirable for more
accurate sizing. Because of the relatively high cost of the PV generator, the system designer is mainly
interested in its full utilisation by optimum matching of the system components during the entire
operating period.

To achieve an optimum matching of the output characteristics of the PV source to the input
characterigtics of electromechanical loads, controlled converters are used. The converters topologies are
function of optimal PV array and load parameters.

Application of PV power to electromechanical loads requires an understanding of the dynamics of
such systems. As a very convenient and powerful tool for dynamic modelling, bond graph technique
was used. The application of bond graph technique for the modelling of PV systems is not yet
widespread.

The purpose of thiswork isto study the dynamic behaviour of a class of PV systems composed of
a PV generator, a DC motor, and a boost DC-DC converter. The graphical approach based on bond
graph methodology is used to formulate the dynamic model of this PV system. To develop that mode,
we take into account the non-linear device volt-ampere characteristic PV generator and we use
averaged model DC-DC converter. Causality problems are discussed and a ssimplified modd is deduced
in order to give information from control loop point of view.

Time responses are simulated and stability domain is computed. A performance comparison between
buck and boost converters showed disadvantages of these latter topologies in such application. In fact,
results showed the existence of non minimal phase responses caused by positive rea roots in the
transfer function velocity numerator. This situation leads to mechanica problems hardly bearable by
electromechanical machines. IMACS/IEEE CSCC'99 Proceedings, Pages:2591-2599
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low. Therefore the eectric power generated by the

1 Introduction

The photovoltaic system technologies have
increasing roles in electric power technologies,
providing more secure power sources and
pollution-free eectric supplies. However in PV
systems, the PV arrays costs are still relatively
high and the energy conversion efficiency is quite

PV arrays should be efficiently utilised.

In adirect coupled (with no battery storage) PV
system, the solar cell array is directly connected to
the motor load couple. These systems are relatively
smple and inexpensive to operate. A direct coupled
system may include a maximum power point
tracker  (MPPT) to improve its performance at
starting and at steady state operation whenever it is
needed [12].



The system under study consists of three different
components, the PV generator, the DC-DC
converters and the DC motor. Each component has
its own operating characteristics which is the volt
ampere characteristics for the PV generator and
DC motor, torque speed for the mechanical load
and the switch duty-cycle for the DC-DC
converters.

The DC motor is supplied from the PV generator
whose volt-ampere characteristics depend non-
linearly on the solar insulation and temperatures
variations and on the current drawn by the DC
motor. To match the point a which the PV
generator power is maximum, two solutions are
generally available to the system designer. A)
Carefully select the DC motor and the pump so
that they match as closely as possible the
maximum power line of the PV generator, or B)
Use an eectronic device (converters) known as
MPPT, which continuousy matches the output
characteristics of the PV generator to the input
characteristics of the DC motor [ 1].

The system under study in this paper
application of the second option.

Before reaching the problem of controlled DC-DC
converters we require understanding of the
dynamics of such PV systems.

Invegtigations  [4],[7], into the dynamic
behaviour of PV systems have been conducted.
Classical modelling and smulation have been done
to predict the dynamic response of severd
photovoltaic system designs.

Due to its ease in handling dynamic systems
and as a power tool for modelling we used the bond
graph technique to study the dynamic behaviour of
our PV systems.

The PV generator is characterised by a strongly

non-linear current-voltage characteristics. A
nonlinear state equation deduced from bond graph
is given and a linearised model was then performed
around the pesk power point of the [-V
characteristic.
From the state equation we deduce the transfer
function and we study the PV system stability. We
compute non minima phase responses for a
limited voltage PV generator area.

is an

2 Bond graph model of the PV system
The bond graph approach has been developed in
recent years as a powerful tool for modelling
dynamic systems. It essentially focuses on the
exchange of energy between the system and its

environment and between different elements within
the system. It is this energy exchange that
determines the dynamics of any system [10].

To make the bond graph model we focus on the
energetical structure of the PV system involved.
Thereafter, a causdity analysis is done in order to
obtain a mathematical representation that fits into
our need which is the study of dynamic behaviour
from control loop point of view.

In order to develop a suitable bond graph of the
PV system shown in figure 3, it's necessary to
understand the operating mode and the dynamics of
each component

DC-DC Load
Converter DC motor

Fig.1. PV system configuration

PV array

2.1. PV generator

A PV generator consists of an array of
photovoltaic cell modules connected in series
pardlel combination to provide the desired DC
voltage and current.

Simulation of PV array operation can be described
using a complete physical-mathematica model as
shown in figure 2.
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Fig. 2. Complete physical-mathematical PV array model

The current_voltage characteristic, strongly non-
linear, can be represented by the following
equation:
q(Vp +1pRs)
Iy =1, — I (exp——P—2 1) -
P ph s AKT Rgp
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where 1, is the current, 1, is the photo current,

p
Iy is the reverse saturation current, q isthe electron

charge, v, is the terminal voltage , Rgis the serial

resstance , A is the idedité factor , kis the
Boltzman constant, T is the absolute temperature
and R, isthe shunt resistance.

Under stable atmospheric conditions, the modelled
PV generator | V and P_V characteristics are
given by figure 3. These ones are function of solar
radiation

P., and pand temperature T. An identification
algorithm was used to determine the PV array
model parameters: R, Ry Is. | -
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Fig.3. PV generator current -voltage (C;) and
power_voltage (C,) characteristics

For the PV generator two resistances are often
defined:

R =V /1 . (2
st pp

R = -(dv /dlI ) .. . (3)
d PP

where Ry represents the instantaneous PV array
resstance and Rrythe PV aray dynamic
resistance.

If Ry and ry; are known, it is possble to
establish whether the array voltage is greater or
less than the peak power voltage.

The condition of a maximum power point is given
by:

d
— [V 1p1=0 4)
de

The corresponding voltage v,,, and current 1, are

determined by solving equation (4) with an iterative
method. At v, , Ry isequal to Ry .

The bond graph representation of the PV array is
given in figure 6. This device is modelled by a flow
source sy =1, in paralel with the R elements

which represent respectively the PV diode with its
non-linear current voltage characteristic noted Ry

and shunt resistancerg, . With the later elements,
we add the PV array seria resistance R .

2.2 MPPT converter

To attempt the optimal point, the DC motor is
matched to the solar array by means of maximum
power point tracker ( MPPT). The MPPT consists
of a power processing circuit, as buck or boost
converters (Fig. 4), controlled by a signal source
unit. In classical modelling this power processing
circuit of the MPPT is often modedled by a
controlled time variable transformer in which the
transformation ratio m is changed continuoudly,
corresponding to a variation in the load operating
point [12]. The input/output equations of the time

- -
variable transformer are: [Vl = [m 1 [VZ}
li_ [0 m™ [I2
®)
where mis the transformation ratio .
>|__ /T
drive |
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Fig. 4. Ideal switch model of boost (a)
and buck (b) converters

For theses MPPT eectronic devices (buck and
boost converters), we used averaged bond graph
models based on causdlity analysis proposed by
B.Allad et a in [2]. The buck and boost
converters are modelled by modulated transformers

MTF(i)and MTF(1 - r) respectively. p is the
p

controlled -switch duty cycle We used this
averaged bond graph mode because it gives
information about the behaviour from control loop
point of view. In fact, since our great interest isto
match the maximum power point when both solar
insulation level and temperature change. This
graphical representation will be helpful and easily
used for the design and optimisation of the
converter controls.

2.3 DC motor



The motor is a permanent-magnet DC motor
represented by em.f Em, the armature circuit
resistance Rr, and inductance L, , the inertia J,

and the friction coefficient F. The DC motor is
assumed to drive a centrifugal pump characterised
with a torque proportional to angular velocity
[41071:

rzKTQand Em:KbQ. (6)

I' isthe applied shaft torque, ¢ the shaft angular
velocity, Ky , K, are the proportionality factor
between shaft torque, back emf and angular
velocity respectively.

This permanent-magnetic DC motor is represented
by a classical bond graph model in which the flows
at the junctions (1 - 20 21 22 53) and (1- 31
32,33,34) represent the armature current and the
mechanical rotation speed respectively. The
mechanical load, characterised by proportiona
torque to angular velocity (centrifugal pump), is
represented by an R element R:KT.

2.4 Storage Capacitor

High power is temporarily required to overcome
the break away torque and to start up the system.
This power can not be delivered by the PV array
and has to be provided by a storage device
(electrolytic capacitor) c¢,. Further more a
minimum speed is necessary to guarantee the
[ubrication of rotor and stator start.

The equivaent electrical circuit and the bond
graph model corresponding to the PV system under
study are shown in Fig.5 and Fig.6 respectively.
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Fig.5. Equivalent electrical circuit of the PV system

From this model, it can be seen that the resistance
Rg,, ad Rp introduce uncertainty in the causal

structure. If the conductance causdlity is assigned
to Rry,, then rpwill have a resistance one. This
introduces an algebraic loop between ry, and Rrp
astheflow in ry, depends upon the effort given by
Rp, Which in turn, is a function of the flow given
by Ry, [9][10].

In order to solve the problem of causa uncertainty,
we propose to add an element C:(c,) on the bond
graph at the first O-junction, that is in parallel on
the current source. This element has to be of small
value and will be suppressed in the mathematical
model by applying the singular perturbation
method while considering the state variable
associated with the added element as very fast[6].

The vadlidity of this approach can be physicaly
interpreted. In fact the capacitor c exists in a
a

solar cdl but its effect is negligible unless the
frequency of the system is very high. cpis the
diode capacitance due to the depletion region and
the diffusion of cariers. It has a very low
capacitance of the magnitude order of 10° uF and
is a function of irradiance, cell temperature cell
operating voltage , current, etc.. Unfortunately,
during smulation it was observed that solution
becomes very diff and simulation with this
representation becomes impractical [10].

Since our objective isto study, in afirst analysis,
the stability of this controlled PV system, we
overcome the difficulty cited above by using the
simple PV array model commonly used in which
the effects of rg, R are neglected (rgand ry, are

supposed  to be nul and
respectively)[4],[7].[3].

The smplified bond graph modd is given by
Figure?.
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3 Equation formulation

To further understand the dynamic behaviour of
our PV system, we derive the nonlinear date
equation from bond graph mode (Fig.7).

At afirst stage we study this dynamic behaviour in
open loop. The control of the system is made
through the duty cycle p of the converter. The

developed equation set are used for stability
analysis using linear techniques.

3.1 Nonlinear state equation

The bond graph model  preserves the same
causdity for the remained elements (fig.7). Once
this smplification is done, the state equation can be
easly obtained. The state vector X is composed of
the energy variables in integra causality (p on |
elements and g on C elements), that is

t t
X:[pn P21 P31 941 q51] :’pL PLm PJ Yep qcm]

(7
The state equation is:
1 1-p
p = -— Q¢
L c °p C cm
p m
R K
b o.-m o, bt
Lm L Lm J J Cc cm
m m
K K_+b
po=—L2p T —p
J L Lm J J
m
q
. -1 cp qcp
=-—p -~ R () A
cp L D C C ph
p p
1-p 1
qcm_ L pL_L me

3.2 Linearisation of state equation

The equation set (8) is nonlinear. For analysis
purposes, it is useful to linearise these equations
around a given steady-state condition.( peak power
point in our case). There are two stages to this
process. finding the steady-state and after that
perform the linearisation, [4],[7].

3.2.1 Finding the steady state

For PV systems, the operating point is
currently chosen near the peak power point voltage
V. Tofind this steady-state with V, voltage, we
must at first solve (4) and later the equation set (9)
corresponding to x =0,and x =X,

1 1-7
0=—4q -—¢q
C cp C cm
P m
R K
m _ b _ 1
O0=-——Dp -—p +—7q
L Lm J J Cc cm
m m
Kb K +b
oo b _ _
L me J pJ
m
T a
1 -1 cp qcp
O=-—p -y R () +I
L L D ¢C C ph
p
1-p 1
oot P Lo
L pL L me
m m
)
P .0 ., P, G, and g represent the sate
L' Pm? Py o 9em P
variables at steady-state. Output variables can
then be deduced at steady state:
p p q p
et 7 Ay om0 (10)
L L Lm L m C J

3.2.2 Linearisation of bond graph model
The linearisation can be applied by following two
different ways, which lead to the same linearised
state mode!:
- directly on the non linear state equation,
- from the bond graph model.
Since we used the bon graph technique we propose
to follow the second way.

To obtain the linearised bond graph model, we
apply the technique introduced in Karnopp[8].
At a first stage we begin by linearisng the non
linear element rp. With affected input effort



causality, the linearised R bond graph model is
asfollows:

62

Fig.8. linearised bond graph model of Rp

R g isthe PV array diode dynamic resistance.

At a second stage we linearise the modulated
transformer MTF of the boost converter. With
affected input flow causality the linearised MTF
bond graph model is asfollows:
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Fig. 9. Linearised MTF bond graph model
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with m(p) =1-p, sfand se areexposed as.

Se =——(e_p'=¢€ ' =V p’ 11
OIp(f) o~ =V P (11)
dm

Sf =— () f ' =-f ¢ =-1I 12
d[(;:) W W % (12)

To establish the global linearised bond graph
PV system we take into account just the dynamic

parts and so constant sourcesf = | A is eliminated.
p
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Fig. 10. linearised bond graph model of the PV system

The vector composed by dynamic sourcesis

e SeV [ _ ]
17 _ m |, with u = p’'the dynamic
T st:-1 p

control variable.

The linear state equation X’ = AX’+ Bu’is then
easly deduced from the linearised bond graph
model shown in Figure 10.
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(13)
Equation (13) is identical to the result obtained by
the linearisation of the nonlinear equations [11][3].

P P dl O M L A
pL me pJ qcp qcm L Lm p ml:
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cp cm
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4 Study of stability

4.1 Study of transfer function poles

The stability of this PV system is checked by
computing the roots of the characteristic equation.
Routh-Hurwitz criterion was used and none roots
of the characteristic equation lie in the right half of
the s-plan poles.

P(A) —det(l —A) = &' +a £ 4a F+ai+a -0
3t T TR,

(14)
a,,44,9,,a,,8,,8, are function of experimental
assembly parameters cited above and especialy of
R

Dd

For this PV system R is positive and so the

system is dways stable. In fact the linearity of the
characteristic shaft torque-velocity (1 = K. Q)

makes the system analogous to an autonomous load
[4].

Figure 11 shows the variation of dominant poles of
transfer function with PV array voltage (V). No
positive real poles then the system is stable for all
PV array voltage area.
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4.2 Study of transfer function zeros
For monaocontrolled system, the zeros are the roots
of transfer function numerator. In this study we are
interested to the angular velocity transfer function
which is the most significant for us. This latter is
given by:

< (s)

—(b s?+b s4b )p L(s) (15)
p(s) 10

with  ¢(s) = det(s. 1 - A),

1 K
b2 = - L b ] (16)
J2.L
m
V (1-p)K K1
b1= m b b L ' (17)
2 2
L R
ch .Lm L DdC
KV (1-p I K
bO: b m _ L b ' (18)
R cc J2L 12l ¢
Dd pm m m p

These values can be directly deduced from the
bond graph model (Fig.10) by using Mason’s rule
[5].

The study of these zeros of the transfer function
showed a non minimal phase response, caused by a
positive rea roots in the numerator, for operating
limited area PV array voltage. This latter depend
on experimental assembly parameters. To confirm
this idea we give computing results using different
values of the storage capacitor C, (Fig.12, 13).

However a same study has been done for a PV
system with buck converter configuration showing
non minima phase response corresponding to the
all operating voltage in which V<V, [ 3].

x 10° Real dominant zeros shaft velocity
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Fig.12. Real dominant zeros shaft velocity
function V, With C,=10° F.
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Fig.13. Real dominant zeros shaft velocity
function V, With C,=10" F
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5. Simulation results

To further understand the dynamics of this
experimenta PV plant, computer simulations of
transient responses in several dtuations were
carried out by using 20-sim packages.

Figure 14 is showing a transient output
variables in the starting-up in direct matching
(without DC-DC converter). In this figure we
represent al the output variables a . % vp). At

steady state the  corresponding
arel|, =575A, Q =115rd /s and \7IO

values
= 162V .

These values are far from the peak power point
corresponding to a PV array voltage Vp = 130V .

These results confirm the necessity of the MPPT
converters in that situation.
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A Vp(v) / <
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0 time 0.6

Fig.14. transient output variables in the starting-up
in direct matching (without DC-DC converter) .



Figure 15 shows the transient output variables in
the sarting-up by using the MPPT boost
converter. In this figure we represent all the output
variables. At steady state the corresponding values
are:

I =122A,0 = 75A,Q =150rd / sV, = 130v,

and Vv, =212v

From these vaues we deduce that the
electromechanical load is receiving the maximum
power from the PV generator via the MPPT boost
converter.
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Fig.15. transient output variables in the starting-up
With MPPT boost converter

Figure 16 (shows the transient response of shaft
velocity ¢ and PV array voltage Vp in the

operating starting-up and with step disturbance on
p . For this smulation and above ones we use
directly the non linear bond graph model (Fig.7).

160 C
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e :
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Figure. 16. Transient response of € and Vp in the
operating starting-up and with step disturbance on p

To confirm the computing results shown above,
we give finest simulation of the transient response
of velocity (<) in response to a step disturbance in
the switch duty-cycle p at V=V, using different
values of the storage capacitor C, with boost

converter (Fig.17). For these simulations we used
the linearised bond graph modd with small
perturbation on p. The results are interesting from
a structural, a computational, and a control point
of view.
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To compare dynamic performances of buck and
boost configurations in such applications, we give
simulation of the trandent response of velocity
(©) in response to a step disturbance in the switch
duty-cycle p at Vp>Vpo, Vp=Vpo and Vp<Vpo
with buck converter (Fig.18). For the PV system
with buck configuration, a deep study in [3] has
shown that positive real zeros are obtained for
operating PV array voltage inferior to V,, These
results confirm the opinions which stated that a
buck converter does not assure minima phase
responses whatever the parameter values of this PV

system may be[7].

Q'(rd / 5)
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IR St H
i
T
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~— e
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0 time 01

Fig.18. Transient response of shaft velocity
G1: Vp>Vpo, G2: Vp=Vpo, G3Vp<Vpo
(p* = 0.01) with buck converter

From the results given above we deduce that PV
systems, with boost configuration, are aways
stable. However, a Non Minima Phase Responses
(NMPR), due to postive rea roots in the
numerator of the velocity transfer function are
detected. These NMPR lead to mechanica
problems hardly bearable by eectromechanical



machines. In fact these NMPR are harmful leading
to shaft torque perturbations and then causing
mechanical  vibrations and hence the load
destruction. Furthermore, in dynamical regime
these NMPR prevent the optima transfer of the
electric power from PV sources to loads.

The positive real zeros computed above depend on
experimental assembly parameters. Therefore a
good sizing of the latters will reliably avoid
mechanica problems.

6 Conclusion

A bond graph mode of a PV system was
developed. Discussion of problems causality leads
to the use of a smplified model giving more
facilities to study the dynamic behaviour and the
control of such systems.

Transent responses have been computed and
non minimal phase responses were detected. These
responses were confirmed by a deep study in
which we establish the linearised state equation and
the associated transfer function of this PV plant.

At a first stage we have studied the system in
open loop. The study in closed loop will be handled
in a second stage in which we try to develop a
control system that will track the maximum power
point of the PV array. In this study we project the
use of robust control strategies.
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