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Abstract -~ This paper deals with stand-alone
Photovoltaic system(SPVS) with charge and discharge
controller. Main power source of SPVS are generally
solar cell and battery. Therefore SPVS can be
classified into variable types in accordance with
connection method between battery and solar cell
array. Mainly used one of them is direct connection
type which has advantages such as simple siructure
and simple controller. However most big drawback of
this system is encrgy loss by voltage disharmony
between solar cell array and battery. Therefore SFVS
with charge and discharge coniroller which can
operate solar cell array at maximum power point 1s
designed and experimented with a laboratory
prototype.

1. Introduciion

Stand-alone photovoltaic system(SPVS) is installed in
about 4 islands of west-sea zone where utility power
can not be supplied and is operated as main energy
source. SFVS can be considered as generation method
competitive with conventional one with considering
that 270 of 518 man living islands in kovea are
under limited supplying by diesel generator or can't
he supplied at allf1].

Mamn power source of SFVS is solar cell and
battery. Therefore SPVS can be classified into variable
types in accordance with  connection type between
battery and solar cell array, Mamly used one of
them 1is direct connection type which has advantages
such as simple structure and controller. However
most big drawback of this system is energy loss by
voltage disharmony between solar cell array and
battery which reach to 15-30[%] according 1o
battery open voltage.

Therefore SPVS with charge and discharge controller

which can operate solar cell array at maximum
power point and can reduce powerloss due io
voltage disharmony 1is designed and verified by
cxperiment in this paper.
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2. SPVS Configuration

Fig. 1 describes the most simple SPVS in which
battery and solar cell array are connected directly.
This system has advantages such as simple structure
and controller as above mentioned. However
because of voltage disharmony due to relations
between battery [-V characteristics and solar cell one
like as fig. 2, solar cell can't operate at maximum
power power point and energy loss occurs. This
energy loss rate reach to 13[%) - BO[%] according to
relations between battery open voltage and solar cell
maximum power point voltage, minimum energy loss
is to be given when the battery open voltage is
90[%]-95[%] of maximum power point voltagel2][3].

Batterv

inverter
_‘@ Load
Fig. 1 Schematic diagram of parallel operation

type stand-alone photovoltaic syster

As fiz.3, MPPT(maximum power point iracker) can
be a remedy for decreasing power loss causcd by
voltage disharmony. This method can make solar cell
to operate in maximum power point but there occurs
voltage variaton of inverier DC link. And also
additional equipment is required for the protection of
battery.

Therefore SPVS with charge and discharge controller
in fig. 4 can be considered as a remedy for such
defects. Because charge and discharge controller can
control bidirectional power flow, it is possible to
control DC voltage. This means that problem of
power loss due to voltage disharmony can be solved.
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Fig. 4 Schematic diagram of stand-alonc photovollaic
system with charge and discharge controller

Fig. 5 shows power circuit of SPVS with charge and
discharge controller used in this papesr.

3. System modecl

In the sysiem modelling, inductance, capacitor, switch

and transformer are assumed as ideal elements.
Differential equations of charge and discharge
controller are expressed as followings.

IL‘
=

% Load

Fig. 5 stand-alone photovoliaic sysiem with
charge and discharge controller
dar A
d? = (Vaa— Vew/Lps 0
dVe . N
dt = (ZBD+ - Zinv)/c (2)

The expression of switch voltage Vsw according 1o
opcration mode and the input current 18D to DC link
capacitor 1s expressed like following equations.

~ Operation as discharge controller (83, D4 used)
§=0 : 83 off

§=1 : 83 on

Venr=(1—9) V¢ iap="{(1—$)iga

- Operation as charge controller (84, D3 used)
521 : 84 on $=0: $4 off

Vew=sV¢ LBp= SiBa

And followings arc expression of inverler circuit.

dis
dt = ( Vz’nr_ vcf)/LJ (3)
av, ..

(.Z’LLCf = (Zs_ Zl)/cj 4)

where Vi = Si Ve
S, ¢ Inverter switching function

The DC link current 7, is described as follows.
Z.i.'m:: Simzis (5)

And then following equation describes approximate
Solar cell output current.

2-30/': Z‘g{;(l - EXD (K( _{ZC

where K : curve constant
Voc @ solar cell open voliage
1s¢ @ solar cell short current

-1 (6)
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4. Controller design

System controller is composed of DC/AC inverter,
and charge-discharge controller. The charge -
discharge controller has a function of DC voltage
regulation by power balancing contol between solar
cell and AC load. And Power balancing control is
possible by bidirectional current control. DC/AC
inverter has a funtion to control a AC filter
capacitor voltage to be CVCF(constant frequency and
constant voltage).

(1) DC/AC inverter

The inverter controller consists of current controller -
inner loop and voltage controller - outer loop.

As a current controller, used is Predictive controller
as followings. ‘

L . K -
Viw (B =-4( i (k+ D= i)+ VAR
where Ts : sampling time

Using simple backward difference approximation(4],

eq.(3) can be described as following difference
equation.

Ly, . .
Vi (B =L Ci, (kD= i)+ VAR ®

g

Provided that inverter modulator and process are
ideal, inverter ouiput voltage reference - eq.(7) is
same with real inverter output voltage. Therefore
substituting  eq.(7) into V., (k) of eq(8), following
equation is obtained. From this equation we can
know that predictive controller has unity gain.

i (k+1)= i(k+1) (9)

And then current reference of eq.9) is obtained by
P1 controller output added to load current (i) which
appers as disturbance in control loop.

Vet gZ Ce "_l
Ig g X + (B ;,_
g

Fig. 6 load current observer

And load current is estimated by observer like as
fig.6. The observed load current is expressed as
eq.10 in continuous domain and estimation speed is
dependent of observer gain g.

azﬁg(z’s— CSVp (10)

where g : observer gain
In case using digital controller, observer gain g is
determinded to be below 1/6 of controller sampling

frequencyl4]. Thercfore overall control block diagram
is as follows.

PI = Ep + Ki/s
Fig. 7 block diagram of inverter controller

Assuming that sampling time is short enough to be
ignored and observer has nearly ideal characteristics,
as current confroller has unity gain, the system
transfer function is expressed in continuous domain
as the following equation.

K, K,
Vo or B K
sT+ C, s+ c

Therefore gain of PI confroller can be determined by
proper pole placement as follows[5].

Ki = wnz CJ
Kp = 2?(();.z C}
where @, : natural angular frequency

¢ : damping ratio

Unipolar switching method[6] of fig.8 is used
conceptually as modulator. In case inverter output
voltage reference is larger than zero, on time of
Inverter switch $1, 82 is calculated as tablel.

=T wa
Fig. 8 Schematic diagram for modulator design
(2) charge-discharge controlier
The charge-discharge controller has a function of dec

voltage regulation by bidirectional power -control.
Control loop of this system is composed of two loop
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similar with inverter as fig. 9. A current controller is
designed as follows.

" L - .
Vo (B = “F2C g (b 1) = ina() 12)

+ Vaa(B)

Table 1. Inverter modulator design

Sy on time B Sz on tlme
| 0.5T mou + 05Tmd
Rt T Tmoa | 0.5 Twmoa
- 05T g — 0. 5Tm;__—_—;
im0 o Vi V““* Twmoa } 0.52 Tmoa

—— e [ — -l ——

The current reference is obtained as (eq).14 using

FI controller and instantaneous power balance
equation eq. (13)
Vpatpa= Vipp= Vils— Vit System loss
(13)
sz
(Ve = VKt =2 b
( V&'m) 1;— VCZso[)
Vaa

By eq.(14), we can know that system loss of eq.(13)
is compansated by PI controller. And modulator is
designed as the following table.

Table 2. Modulator design according to current
reference direction

1

.83 84 | on time i
. ! | no Voo* i
| ipa’ > O ! use T noa — 7 T o |
{ ! use Ve |
r o o - 07 . T B - i
. . no V. * !
ipa. < O | use 7 T mod
1 use Ve
Because charge-discharge controller operates as

step-up chopper or step-down chopper according to

current direction, switch on time is calculated
differently in accordance with current direction.
Consequently conirol block diagram of

charge-discharge controller is like as figz. 9. The Gain
of PI controller of fig.9 is determined under
assumptions that modulator is ideal, current
controller has wunity gain. Using (eq).13, the
charger~discharger output current isp is as eq.(15).

Fig. 9 block

diagram  of
discharge controlicr

Viaipa .
= = VpaigaP, g

1gp= (15)
BD VC

where Pg = 1/Vc¢

In above equation, power gain Pg is can be

linearized about nominal point using taylor series as
follows.

1 1 x
P,= T H{Ve— 16
where V" : nominal operating point (DC voltage

reference)

Because the second term of right one of eq.(16) is
negligible, eq.(16) can be expressed approximately as
follows:

. Vgat
tgp== ?}qBA = K.4ipa (17
c
where K ,= VB‘f
Ve

The approximated control loop of charge-discharge
controller is as fig. 10.

| r—b’r PI ‘ - -
A

L) 1%
e e ——[---—b-
|
|

Pl = Kpv + Kiv 1/s

Fig.10. Approximated control loop

And the following equation describes transfer
function of fig.10.
kcg-va 'IergK w
VC* 82+ kCgK ; s+ kc:e'Kiv
C C
Therefore controller gain can be determined by

proper pole placement.
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5. Experimental results

Experimental results which verify system operation
was showed in this chapter. The Experimental
condition is described in table 3. And TMS320C31
was used as controller.

Table 3. Experimental condition

Le o l2fmm
ce 100 [«F] ‘
Vel L V2.100. sin (e?)

DC Voltage VA

C 8500 [«F]

Lba 2.7 [mH)

atural : laa: fre wency .
natiral angtlar WeAUEY 0109 [rad/sec]

of Inverter controller
natural angular frequency

of charge-discharge ' 189 [rad/sec]

controller e .
Sampling_time (Ts) 100« sec]
Modulator sampling time

100[ 4 sec]

(Tmod)

Solar cell maximum output_ 2 [KW]

In laboratory, AC/DC converier constructed as fig.11
was used instead of battery.

—— — -
o +
R -_ _-_ 6 b ohm 7
i R Va
equivalent battery constrinlion

Fig. 11 Equivalent battery construction
(1) Inverter operating characteristics

Fig. 12 shows inverter operating characleristics when
load condition is varying from no load to loading
slatc. At the 1nstant which load condition change,
sinking of about 20[V] occurs at capacitor voltage
(v,). And after about 13[msec|, capacitor voltage
reaches 1o steady state. And fig. 12(c) and (d) show
FIT results before and after load variation. THD
before and after load variation is simimilar and the
magnitude of fundamental component is same.

Fig. 13 shows operating characteristics without using
load current observer. THD results are very similar
with the case using load observer. But reaching
speed to steady state is lower, and we can see from
FFT results that at loading state the magnitude of
fundamental component decrease. At steady state

voltage decrease is due to frequency characteristics of
disturbance.
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Fig. 12 Inverter operating characteristics with load
current observer

{a) capacitor voltage (b) load current (c) voltage

FIT at no load (d) voltage FFT at loading state
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Fig. 13 Inverter operating characteristics without
load current observer

(a) capacitor vollage (b) load current (¢) voltage

FFT at no ioad (d) voltage FFT at loading state

(2) Discharging mode - without solar cell output

In discharging wmode which mainly occrus at night
time or rainy day, system operating results are
showed. Fig.14 is waveforms of system each part
according to load condition. At no load state baitery
current(isa) is nearly zero. However at loading state,
battery current which is composed of 120[Hz]
component, DC component and high frequency
component due to switching is transferred. In battery
current, the generation of 120[Hz] component is due
to feedforward control using power balance equation.
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And DC voltage(Vc) is nearly constant at transient
state. This means that current controller has a very

rapid control characteristics. In order to show
feedforward control effect, results without using
feedforward control are described at fig.15.

Compared to fig. 14, DC voltage has larger under
shoot and over shoot at tranmsient state. And battery
current is composed of DC component and high
frequency component. DC voltage variation ai
transient state is able to be improved by increasing
control gains. However because increasing control
gains 1s limited by noise problem and sampling
frequency etc, feedforward control is needed. A
drawback of feedforward control is current peak
increase due to current reference generation based
on instantaneous power control.
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Fig. 14 Waveforms of system with feedforward
confrol in discharging mode
(a) DC voltage (b) battery current
(0) capacitor voltage (d) load current
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Fig. 15 system waveforms with feedforward
control in discharging mode
(a) DC voltage (b) battery current
(¢) capacitor voltage (d) load current

(Z) Mode changing characteristics - with solar cell
output

Fig. 16 shows system transient waveforms by load
variation when solar cell out put is about 720[W].
At loading state, battery current swing sinusoidally

with 120[Hz] between pluses and minuses. And the
charge-discharge controller operates as charging
mode at no load. Consequently tt is observered that
bidirectional power control is smoothly made by
operating mode change. And also at transient state
DC voltage regulation is smooth.
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Fig. 16 Operating mode transition characteristics
{a) DC voltage (b) battery current
(¢) solar cell current (d) load current

6. Conclusion

In this paper, controller of SPVS was designed and
verified by experiment. System controller was based

on 2 loop control confruction and feedforward
control  using power balance equation. In
charge-discharge  controller, feedforward control

guarantee good transient response. But peak current
increase made power component to be larger than
when not using feedforward control. Therefore
controller which have fast response and can suppress
peak current increase should be researched. As futher
study, in order to develope commonly used system ,
data acquisition and performance investigation based
on field test should be done.
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