conditions vary with time, a new operating peint has to be found for every timesiep
throughout a simulation. The first guess within & timestep is always chosen to be the
voltage at the previously calculaled operating point, except for the very first timestep of
the simulalion, at which incident radiation occurs, At this particular point, nothing is
known about where the operating point is going 1o be. The voltage at maximum power
point is a good guess, since in the ideal case a load should be designed to aperate close

to that point,
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Figure 2,10 Convergence hy succossive substitation

The problem involved in using the current as put to the PV array component is best
explained by looking at the PV cell I-V curve in Figure 2,10, At low voltages, the cell
acts almost like a constant current source. Guessing a current in that region would not

resull in an unambignous voliage value, therefore it is not possible to abtain & solution.
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Another issue which has o be discussed is the question of whether the proposed
method converges under all conditons. Convergence depends on the slope of the load
I-¥ curve relative to the slope of the PV cell I-V curve. An example of divergence is
shown in Figore 2.11. For this reazon a numerical convergence promoting method is

integraled in the PV array component,

T IMNAX. POWEr [oinl

operation
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Figure 211 Divergence by successive substilnton

The convergence promoter consists basically of a bisection type scarch method. A
lower and an upper limit for the voltage is set and a new voliage is found by cutting the
interval in half. This voltage is then used to compute the cell current, which is (hen
shifted to the load component. Depending upon the circumstances, the inerval limits

are set differently. As mentoned earlicr, the first guess is the vollage st the previously
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calculated operating point. The returning voltage is tracked for the next two ilcrations
and compared to the first guess voliage. Thus it is possible to tell where the load I-V
curve is located relative 1o the first guess voltage and the limits can be set appropriately,
Hence the actual interval cutting procedure is first invoked at the beginning of the third
ireration. An exceplion for that is, if the returning voliage after the [irst ileration is
alreacly out of the PV cell voltage range (i.e. is greater than the vpen circoit voltage). In
this case the open cirenit voltage is used as the upper limit and the lower limi is
determined by he first guess voltage, and the Biseciion method can be used right
away. [Digure 2.12 dllustrates how the procedure works for a sitnation where the
successive substitution method, performed by TRNSYS, would diverge. Only the

tirst couple of iterations are shown.

operating
point

-

i
A

Yinin Vmax

—_—t

Fignre 2,12 Dlustration of convargance procedurs
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In the special case when the IV curve intersects the PV cell I-V curve in the region of
constant current, the TRVSYS method converges alveady after two iterations, and the
convergence promater is not invoked, Many different situations are possible and the

convergence promotion algorithm takes care of all them.

The fourth input variable, Flag, is a signal to turn the convergence promoler on or
off. The convergence promoter has to be turned off when simulating a system with
batlery storage. This will be explained more detailed in Chaprer 6. Simulating direct
coupled systems requires the use of the convergence promater, 17 Flag is equal to ons,

the convergence promoter is on, otherwise it is off,

Most of the outputs are self explanatory, The fifth output, Util, 15 the nrilization of
the PV array expressed as the ratio of the power at the operation point (0 (the maximum

POWErT

Uil = L

Max

The Fortran code for the component program is listed in Appendix A,



Chapter 3

LOAD CHARACTERISTICS

The behavior of any electrical load can be characterized by its I-V curve. The -V curve
shows ull the possible points where the load may be operated, The actual operating
point, e.g. far a dircet coupled PV system is the interscetion of the PV array and the
load 1-V curve. In this chapter several types of loads are investigated. Mathematical
relations deseribing the load 1-V curves are derived and TRNSYS components are
formulated.

In the first seeuon, an ohmic resistance type of load is discussed. The following
sections cover inductive loads, In particular, a series DC motor and a separately excited
permanent magnet DU motor are investigated. As mechanical loads driven by the DC
motors, a centrifugal fan and a centrifugal pump are chosen.

A preceding comment has Lo be made about the selected inputs and ourputs of the
developed TRNSYS components, As mentioned in Section 2.6, the operating point of
a system Is found via an iterative process between the system components, The
information transferred between the components is the voltage and the current,
Regarding a direct coupled system, the information shifted from the PV AITAY
component to the load component is the current for reasons explained in Section 2.6.
In a system including barttery storage, the operating voltage ranpe 18 myinly determinad

by the terminal voltage of the battery if it is conlinously connected. Although the

41
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battery voltage varies with the battery current and the state of charge of the batlery, the
change in baltery voltuge 1s relatively small, This fact is used 1o determine the operating
veltage of a system with ballery storage by shifting the valtage of the batrery
component to the load components. This will be explained in detail in Chapters four
and five, That means that all load components have current and voltage as input. The
load components must have the capzbility to compute, depending on the significant
inpur, the respective quantity which is then subject of the iterative process in [inding the
oporating point. An additional input serves as a control signal to determine which of

the inputs, current or voltage, is significanr.

3.1 RESISTANCE

Lighting and heating are representative applications for resistive loads. The I-V curve

of a resistance iy described by Qhm's law:

where R is the resistance,
As discussed in Chapter 2.6, the I-'V curve is a siraight line through the arigin with the

slope 1/R as shown in Tigure 2.8,



3.2 TRNSYS COMPONENT OF A RESISTANCE

The construction of the information flow diagram for a resistance, as illustrated in
Figure 3.1, is very simple. The inputs are the current, the voltage and a signal called
Maode, Mode determines whether current or voltage is the significant input. When
running direct coupled svstems, Mode has to be set equal to one, This fixes the current
as input and the cutput voltage is computed corresponding to cquation (3.1). In a
system where the voltage serves as input to the load, Mode has to be zera and the
caleulations are in reverse order. The only parameter of the component is the resistance

value,

I v Mods

| 2 3
Resistance

1 ;) 3

Y l

I v p

Figure 3.1 Infermation flow diagram of the resistsnes component

The parameter ol the component is:

K = resistance [ohms]
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3.3 MOTOR LOADS

Motor loads are composed of two components: an electrical motor and a mechanical
subloud driven by the mator, Of interest are the speed-torque characteristics of both
components, Once the speed-terque behavior of the two components are known, the
operating conditions of the load subsystem can be found, The overall goal is to
delermine the operating point of the entirc PV systern. This is best examined in the
electrical 1-V plane, looking at the PV array and load I-V curves, "The load 1-V curve of
a motor load is obtained by wansposing the possible operaling puints of the load
subsystem from the mechanical speed-torque plane into the I-V plane applying
fundamental equations presented in this section. The emphasis of this chapter is on
finding the load I-V curves. The behavior of the entire PV system is discussed in
Chapter 5.

Regarding the DC-motors applied t 4 centrifugal fan load, similar studies have
been conducred by Appelbaum [7,8,9.10,11], Roger [12] and Townsend [3].
Braunstein et al. [13] and Hsiao [14] investigated motor-water pump loads. The

following assumptions apply 1o the modelling of the DC-motors [15];

+ The magnetic flux is linearly dependent on field current, This is the case
when the iron core in the field inductor is not magnetized beyond its
saluration point

»  IIysteresis effects ure neglocied.

¢ The armarure and field inductances are constant. This is based on uniform
windings geomerry and negligible lemperatre effects,

*  Ammature reaction is negligible. This assumes the motor operates at or
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below its rated current, and is also a consequence of the st assumption,

» The brush vollage drop is neglected.

= A linear function is assumed to describe the total loss torque of the motors:
Tioey = Coue + Cigho0l  higre T 15 o stelie friction, ©uu iy 4
vigcous [riction and  is the angular velocity. Losses are caused by bearing
friction, brush friction, friction with air (windage), hysteresis and eddy

current losses,

3.3.1 Separately Excited DC Motor

The external behavior of a separately cxciled motor is characterized by the equivalent

circuit shawn in Figure 3.2.

o

Ra

v T R LF

0
e

Figure 3.2 Separately excited motor equivalent circuit
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The field source can be a permanent magnet or any other constant current source. A
DC motor can be thought of as an ideal energy converter gencrating the Electromotive
force (EMF), €4, in cvombinztion with parameters that represent its various
imperfections. These parameters are, for the separately cxcited motor, the armature
resistance, R 4, the inductance in the armature cireuit, L, and the field inductance, L.

The EMF induced in the armature windings is

ea=kow (3.3.1)
where k is the motor constlant and ¢ is the magnetic flux.
II' an cnergy source is connected ro the motor terminal, a current I, flows in the

armarare branch, and the electrical power generated is given by

Puee=e2ala=kowly &

L]

¥ )
{
e

Since the power is equal to the lorgue times speed, the electromagnetic or internal

torque is given by

i Pﬁl:a:
T s kol (3.3.3)

The shaft torque is the difference between the ideal (electromagnetic) rorque and the

merar loss worgue:

i
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As stated in the assumptions, the loss tarque consists of a statie friction and a dynamic
friction component, The motor beging to start when it overcomes the static friction.

At steady state, the terminal voliage of the motor is given by Kirchholl's voltage law:

Va=ta+Ry Ty 3.

1l
Ll
Lh
o

The motor speed-torque characteristic is given by substituting squation (3.3.1) and

equation (3.3.3) inlo cquation (3.3.5). Rearranging to solve for the speed gives

w='M_RaT

SA (3.3.6)
ko (kof

By coupling the motor to the PV array, the terminal voliage of the array is equal to the
terminal valtage of the mator: Vg = Vi and the armature current is equal to the array
current;  lpy =1y, For cach current-voltage pair of the array -V ¢urve the
corresponding speed-torque (electomechanical torque) pair is obtained applying
equations (3.3.2) and (3.3.6) simnltaneously, The motor speed-torgue characteristics
al steady state are shown in Figure 3.3 for the mechanical plane (n, T) with nt = ay2x (n

is in revolutions per minute, rpm). The n-T curves correspond to four different times

of the day: a) bam - = 31 W/m2 T 14.5°C; b) 8am - © = 319 W/m?, T,

amb il —

13.9%C; ¢) 10am - © = 664 W/m?, Ty, = 13°C, d) 12am - ¢ = 963 Wm?, T, =
16.7°C. The motor data are taken [rom reference [10] and are listed in Appendix C.
Dor comparison, the figure also includes the motor n-T curve when it is supplied from a
130V constan! voltage source. The torque iz a lincar function of speed when the motor

is supplied from a constant vollage source. The maximum lorque, al constant

irrgdiance, is obtained al starting conditions (n = ) and it increases with increasing
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irradiance. The no load speed (T = 0) is oblained for I, = 0 and might be guite high

even for low nzelatdon levels,

Veoonst. = 1200V

speed - n [1/min]
I
=
L

= T 4 1 Li ] = ]

b 2 4 & 8 10
torgue - T [AZm]

Figure 3.3 Separately excited motar speed-lorque characteristizs at different insolation lavels.
The: n-T characteristics at a fixed voltage are also shown,

3.3.2 Series DC Mator

The equivalent circuit for a series mator is shown in Figare 3.4, The field windings are
connected in series with the armature windings. Thus the terminal current is identical to

the armatare and field corrent:

T=1,=1If (3.3.7)
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and the intermal resistance is the sum of the armamre and field resistance:

R=Ras+Rr (3.3.8)

‘ Re Lr
Ra
v L.a
Y I &4
o w

Pigure 3.4 Barles motor conivalant circuit

In conrrast to the separately excited motor having a permanent magnet or o constant
current field source, the magnetic flux of the serics motor will vary with the terminal
current. Mugnetic flux and ficld current are related through & proportional factor, the

CONSTANT ks

F=rply (3.3.9)



Substituting this relation into equation (3.3.1) the EMF is expressed by

ca=kkplpm=Musrlmw (3.3.10)

where the constants k and ky are lumped logether into the constant My, called nutual

mnductance. Applying the same transformations to equation (3,3.3), the electromagnetic

forgue becomes

T = Map I2 (3.3.11)

The wrminal voltage is expressed similar to equation (3.3.5) by

Finally the motor speed-torque characteristics may he found by substituting eguartions

(3.3.10) and (3.3.11} in equation (3.3.12) and rearranging to solve for the speed:

For u series motor direcily coupled to a PV array, the speed-lorque characteristics
van be obtained in the same manner as described in section 3.2.1. Far the same
meteorological date as used for the separately excitad mator (Figure 3.3), the n-T
curves are shown in Figure 3.3, The n-T curve for the irradiznce corresponding 1o 8am

(a) is a straight line almost identical 1o the speed axis. The n-T curve for a [20W
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constant voltage source is included for comparison which Is in this case a parabolic
function. The serics motor has the same approximate nameplate rating as the separately

¢xcited motor. The actual data are listed in Appendix C,
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Figure 3.5 Serics motor n-T' characteristics at different insolalion levels, The n-1 curve at & fixed

vallage i3 alzo shown,

Regarding the starting torgue, the series motor behaves similar to the separately
excited motor, At constant irradiance, the starting torque is at maximum torgue and is
increasing with increasing irradiznce.

Ihe speeds at no load, instead, are nuch higher than for the separately excited
mator and may be higher than the maximum speed permitted. A series molor should

never be operated withour any Ioad.



3.3,.3 TRNSYS Component of the DC Motors

Both motors described above are integrated into the TRAVSYS motor component, The
information flow diagram [or the component is shown in Figure 3.6.

The user can choose a motor by assigning a particular value to the parameter,
TYPE, as explained above. 1, V, Mode, n, and the shaft torque, T,,.7, serve as input.
Either the current together with the speed or the voltage together with speed are
significant inputs determined by the input, Mode. The torque and sither voltags or
current are computed respectively, As in the case of the resistance component, Mode
has to be equal one for a direct coupled system, i.e. I and n are significant inputs, and

Madde has (o be zoro for a system with battery storage, L.e. V and n are significant,
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Figure 3.6 Information flow diagram of the DC motors component

The parameters of the component are:
1.) Type:  if Type = | then the separately cxcited motor is used

if Type = 2 then the scries motor 15 used

2) Npue  =maximum motor speed permitted [1/5]

3. R =rated current [amps]

4.) = maximum curren! permitted [amps]

3.3 kg = molar constant for separately excited motor [Nm/famps]
or Mg = murual inductance for series motor [henry)

G.) e rar = static friction | Nm]

7 ST = vis¢ous friction [INm g

8.) Ra = armature resistance [ohms]

9.) Re = ficld resistunce [ohms], just applicable for series mator
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In Section 2.6, the iterative solution procedure of TRNSY.S was explained and the
convergence problem was discussed. A recyclic information flow between the PV
array and any load 15 shown in Figure 2.9. In the case of motor loads, a recyelic
information subloop is invelved berween the motor and the attached component (fan,
pump, etc.}. This means the operating point of the motor load has to be found by the
TRNSYS iterative process. [or instance, for a direct coupled system including a PV
array, @ moetor and a fan, the motor component and the fan component are called
sequentially natil the speed and torque have converged for the current output from the
PV array. This leads to a new voltage guess for the PV array and results in a different
current that invokes again the motor subloop. This process is repeated untl all inputs
converge within a specified tolerance. The nature of the matar and load equations
determine whether the method of successive substitution performed by TRNSYS will
converge. Tlor both motors, the fan and pump, convergence was not always obtained
with the successive substitution methed., Therefore, a convergence promaoting
algorithm was included in the motor companent,

The first three iterations arc performed using the regular 7RVSYS method,
Depending an the physical situation, the seeant method or bisection method is used in
the following iterations. Unless the particular situation occurs where the operating
pointin the mechanical plane iz close to the boundaries, i.e, the torque axis, as shown
in Figure 3.7, the convergence algorithm starts using the secant method CONVErging on
the torque output, The two most reasonable torque values from the previous irerations

are used 1o lind the new guess and the procedure is continued according 1o

i fu
gl =Ky =g Sy
Ko - Moo

Zn- En-l

(3.3.14)
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where x 15 equal to the torque and the abjective luncton, g, is selected to be the
difference between the recent and the previous torque. If either the residual, g increases
or the new guess value is outside the limits which are sct up at the first three iterations,

it will be switched to the bisection method.

n f

uperaling
point

|
1
|
T1 T2 T

Figure 3.7 IMuatcation of the failure of the successive spbstitution method

For the sitnation illustrated in Figure 5.7, the bisection method is applicd righl away.
This is a special siluation where the successive substitution method would lead to an
endless loop and the secant method might also [ail. The separately excited motor
cguations, or more precisely the shaft torque-speed relation of the motor, is a straight
line for a fixed current or fixed vollage. Depending on the slope of the motor line and
the dimensions of the motor and the fan, especially the magnitude of the fan starting
torque, the bisection method can yield two or more times a torque (indicated as 1y and
T, in Figure 3.7) thar is less than the load starting torque. Thus the resulling load
speed returned to the inolor compoenent 1s zero twice in sequence, Since the difference
between the recent und the previous input is then zero, the convergence rolerance is
satislied und TRNSYS will stop calling the motor companent and will hence generate

an incorrect selution, To overcome this prablem, the dummy input Typap 18 introduced.



TRNSYS will now converge on both variables, speed and torgue,

Anather problem iz that the coalrol function of the convergence promoting
algorithm ¢hanges during a timestep. The motor relation changes quantitatively, i.e. the
straight line is shifted, for cach new current value received from the PV array. A
similar problem arises in 4 system that containg a battery. If the batrery has to be
disconnected to protect it from undercharging, the significant inputs change from
current o voltage, This will be caplained in detail in Chaprers four and five. This
change requires thal the limits for the convergence algorithm be reser to avoid an
incorrect solution and the convergence algorithm will start aver beginning with

suceessive substitution every rime the control function changes.

The outputs 5) and @) are the electrical power input I timmes V, and the mechanical
poOwer output in wans corresponding to: P=w T. Qutput 7) is the motor efficiency.
The last output containg following indication of failure:

Fail = 1: maximum permitted speed is exceeded
2: rated current is exceeded

3 maximum permitted current is exceeded

The maximum speed, the rated current and the maximum current are nameplate ratings
and have to be provided as purameters. Tf the rated current is exceeded, the
assumptions slated for the motor equeations are not valid and the accuracy of the resulls
will decrease. The program will not Hmit the values to the meaximun: permitted values if
they are excesded. This would be an interference in the iterative process of finding the

operating point of the system and might lead 1o crroneous results.
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3.3.4 Centrifugal Fan

The mechanical behavior of a ventilator can be expressed by the torque as a function of

speed:

T=a+baf (3.3.13)

where a is the static friction component and the remainder is a nonlinear function of
speed. The actual data used in this study are tuken from JLAppelbaum [10] and are
listed in Appendix C. The parameters &, b, and ¢ can either be obtained from
manufacturers’ data or from experimental data by performing a least square [il,

The motor-fan operation may be visualized in the mechanical n-T plane. Figure 3.8
shows the speed-torque characieristics for the separately excited motor connecred to a

fan.

The moetor curves are drawn al the same conditions as presented in Figure 3.3, The
load rorque is the sum of the fan and the motor shaft loss torque and can be expressed

[y

rr.i.i:l-."l.d = FI-IHII. T T].C-SS =3 + Cﬂt-ﬂ’: -+ I::'I."i:!\.ﬂ o+ h LL'I: (3.3.16}

The possible operating points of the motor-fan combination are located at the
intersections of the motor and load lines. For the series motor-lan combination, the

operation conditions are 1llustrated in Fipure 3.9,
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From both Figures it can be observed that the fan starts only if a sufficient irradiance is
available. The separately excited motor operates betler at low insolation levels than the
series motor,

The I-V characteristics are abtained by transforming all the possible operating
points from the mechanical (n-T) plane into the electrical (I-V) plane using the motor
equations presented in sections 3.3.1 and 3.3.2. Figure 3.10 shows the [-V curves lor
both the separately excited and the series motor. As already puinted out, both motors
start when the radiation, i.c. the current and voltage, reaches a certain level. The
starting points are indicated in the figure. Up to these points the motors act as ohmic
resistances with straight lines in the 1-V plane. Obviously, the series motor needs a

significant higher starting current and higher voltage than the separataly excited motor,

1
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Figure 310 T-V charzeweristics of o separniely excited and a series DC motor connected 1o & fan
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3.3.5 TRNSYS Component of a Centrifugal Fan

As illustrated in Figurs 3.11, the only input to the centrifugal fan component is the shaft
torque provided from the motor, The speed, the shalt worque, the mechanical power
and a failure message are outputs. The fallure vuiput is set equal to one when the fan

speed exceeds the maximum permitted speed, otherwise it is zero,

Tshatz

Centrifugal Fan

1 Z 3 4
| i i \/
il Trum P Fail

Figure 3.11 Information flow diagram of the fan component

The parameters of the component are:

1.3 a
2. b
3. C

4. Ninax [1/3]
Parameters #,b and ¢ are the constants of the torque speed relation (equation 3.3.15)

where ¢ 1s substituted by n, and N, is the maximum allowable fan speed,
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3.3.6 Centrifugal Pump and Hydraulic System

The hydraulic part of & water pumping system consists of a pump and the piping
svstem including valves firtings and so on, Typical PV water punping applications are
systems where water is pumped from open containments (sumps, wells, ete.) at low
lewvel lo containments art high level, as shown in Figure 3,12, The model includes all

the hydraulic components of such a system, including the pump.

- - - =

total static
hizad
e |
Y,
Y pump

Figure 2,12 Waler pumping systam conliguration

First the piping system is examined and a system head-capacity relation is derived,
Then equations describing the centrilugsl pump are developed using correlutions from
pump manufacturer data and fundamental pump relationships, The objective is to find
the pump speed-tarque relation, and in the same way it was attained for the venlilator,

the pump I-V chamacieristics.
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A typical head profile for & water pumping system is shown in Figure 3,13, The
total static head is defined as the difference in height berween the water supply surface
and the water discharge level. The friction head is the required pressure difference
expressed in meter liquid w overcome the friction caused in the piping svstem. The

frichion head is a function of flowrate.

50
T 40 total system head ;"/,
friction
= heai ]
L T =
20
total static
head
10
0 o T L T Y T T T T T Y T
0.000 0L 0.002 0.003 0.004 .005 0005
Q [m"3s

Figure 3.13 Svstem head-capacity profile

The total system head is the sum of slatic and [riction head and is expressed as

Heper = k1 + k2 Q> (3.3.10)

where ky and k; are constants corresponding to the static and friction head, and Q is the

system flowrate. The system head profile can cither be obtzined by meagnrements or
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analytically by knowledge of the piping system compenents. The head loss for straight

mipe is defined as

i
hf=f'ﬁ?‘fj (3.3.18)
whers
f ={riction factor

L =length of the pipe [m]
D =pipe diameter [m]
Vo =av crage velocity [mys)

g = acceleration due o gravity [m/sh2]

The losses introduced by fittings, valves elbows, ete. are given by

]

=y
i
%
<

with K= f% (3.3.10)

I~¥

a5

K iy the resistance coefficient and is available in related literature [16], [17]. for a
variety of piping components. The ratio L/D is the equivalent length in pipe dismeters
of straight pipe that will cause the same pressure drop as the valve or fitting under the
same flow conditions and can be taken [rom tables and figures [16],[17]. The total
head loss for the entire sysiem is the sum of all head lasses of the individual Comp-

onents.
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Subsrimting the average velocily with the flowrate divided by the cross sectional arsa

(A) this is

v [en Q| e G ) 3.3
=Y, (fﬁmél ) ( K 2;___2J (3.3.20)
1 . = - A

thux the coefficient k, in equation (3.3.17) may be obtained tearranging cquation

(3.3.20) and comparing the equation with the [riction head in equation (3.3.17):

k2=§1§[

3.3.21
-D ‘.-_‘..r, F&QJ:| (33 )

This method assumes an average [riclion factor.

The performance of & centrifugal pump is commonly visualized as head versus
capacity characteristics. For a representative [ive horsepower pump, the performance
curves are shown in Figure 3,14 as provided by & pump manufacturer, The
perfarmance curve combines the four variables: head, flawrate, specd and elliciency.
Choosing any two variables fixes the remaining two variables. In the analysis and
design of pumping systems, it is useful to superimpose the system characteristics on
the pump characteristics as shown in Figure 3.15. The operaling points are the
intersections ol the system curve and the pump curves. When 2 pump is started, first it
operales along the head axis at zero flowrale until the system static head is reached.
Then the flow starts and the actual operating point depends on the speed of the pump.
For PV powered warter pumping systems operation over the entire pump speed range is

possible.
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To find the operating point of a pump, it is necessary o condense the pump
performance data, provided by the manufacrorer, into a useful equation. Fundamental
pump laws supply the additional relationships required ta obtain the pump speed-torque

characteristics.

G

€0 i
n=35{)
S svsiem

304 _n=34N]

H =300 \

[1] - o
4 n=a000 : Sy

n=2800

e =T

1 n=2400

20+ :
o operzting
1 points
10 r T x T : " . ; . T T

0,000 0001 D02 2003 0,00 0.00= 0006
Q [m3s

Figure 3.15 Pump performance curves (Model SC 20-140) and system head-capacily profile

From Figure 3.14 several pump [ealures can be observed which are useful to find
an appropriaie relationship berween head and capacity as a funcuon of speed and
ciliciency. The head profiles are geometricslly similar. This means that if the
performance curve lor one speed is known, it can be obtained lor other specds by
moving the curve up or down [18]. The curves are theoretically moved along a

parabola with the head axis as the main axis.
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Further, the following affinity laws [19], which relate speed to flowrate, head and

power, are applicable:

- = N 3 ey
Q~n or Q=0 [“IJ (3.3.22)
H~n2  or H=H; {E—l}’i (3.3.23)
Phh ~n?  or P:I" = th]_ [%]1 (332’1]
in which

n = speed |1/s]

n = speed at which characteristics are known [1/5]

Q = flowrate [mY/s]

Q. = [lowrale at speed ny [m3/s]

H = head [m]

I, = head at speed n, [m]

F., = hrake horsepower [watls]

P.n1 = brake horsepower at speed n, [warts]

These equations imply that for a given sel of speed, flowrate and brake horsepower, the
corresponding values al a different speed can be determined for constant ellicicncy.
Forcing & curve through severzl values along the performance curve at a fixed

constant speed, the pump head as a function of Howrate is well approximarted hy

Hl—.ali—le% (3 .

[N ]
[
Ln
L
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To find the head-capagity relation at some other speed:
H=a+bQ? (3.3.26)

the affinity laws can be used lo substitule for H and Q and the following equation is

ablained:
Hy=a (2 + b ¢ (3.3.27)
1 a T )" Ql etaimd )

A comparison of the coefficients between equations (3.3.25) and (3.3.27) gives the

coefficients at new speed:
= 12 o 24"
a=ay lmJ and b= (3.3.25)

Criven the head profile at a reference speed, it is now passible to attain the performance
curve for any other speed. Since the affinity laws are valid for 4 moderate change in
speed [19], an error will he introduced [or large speed changes. However, even for
large changes in speed, the error is acceptably low. Figure 3.16 shows the
performance curves as supplied from manufacturer (Figure 2.14) and the curves
generated with the method derived above, A sscond order least squares fit was
performed through ten values from Fignre 3,14 al a constant speed of 3000 rpm, As it
can be seen, the approximation by vquation (3.3.25) is quite good. Fur g speed of
3500 rpm. the modeled data and the manufacturer pump curve are compared. The

maximum error is less than 285,
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Figure 3.16  Comparison between maasured and curve fined head-capacity profile at two different

syl

The purmp operates at the point where the pump head is equal to the system head,
Using equatian (3.3.20) with the coefficients given by (3.3,28), the pump head curve

iz oblained; setting this equal o the sysiem relation yields
Hpum;.: =a] ['II]—_IJZ + b Qﬁ =k +k QZ = H::}'ste.m (3.3.29)

This is one equation with two unknowns, nand Q. A second equation is given by the

cefinition of the purnp efficiency:

Phya
i (3.3.30)

Pon
Prya 15 called the hydranlic power and Is expressed as: Py =p g Q H und Py, can be
written as: Pyp =27 n T, Substituting these expressions into equation (3.3,30), the

etficiency 1y given as
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-PEQH (3.3.31)

2an’l
Two more unknown variables are introduced by this equation, the efficiency 1) and the
torque T, therefore an addinonal relationship is necessary, Similar to the head protile,
the cllicicney profile at constant speed can be approximated by a polynomial. A good

curve fit 15 attained by a cubic polynomial:

N=e1+fi Q+g QG +h Q@ (3.3.32)

where e, [y, 24, by are the coefficients at the given speed. The coefficients at other
speed are determined applying the same procedure presented earlier und the efficiency

relation can be rewrillen as

£
N=er+h n;g-kg] 1'2 Q---r}u n"D‘ (3.3:33)
1=

Substituting the head equation (3.3.26) for H in equation (3.3.31), cguations (3.3.31)
and (3.3.32) can be combined inlo a single cquation. Together with equation (3.3.29)

a svstem of two nonlinear equations is obtuined:
i) [-I_II—IF b QP -k -k QF=0 (3.3.34)

Q'E-Jrh n? Qﬂ' pgqldll“—i b 01]

n Zan'l

ey +0 n1%+,¥1 nj



For a given torque, the sysiem may be solved numerically using Newron's method
[20]. Choosing the left hand side of equarions (3.3.34-35) as the objective [unction

F{;], a Taylor exparnsion is perflormed, neglecting the higher order terms:
HX + AX) = HF) + I(F) a% 3.3.36)

For the n-dimensional approach, a maitrix is involved vontaining the derivatives of the

chjective lunction. The matrix is called the JaceBian matrix and is defined as

[ afi(x} ofi(x) ]

i a)ﬂ a){g sl
I¥=| a6fx)  affx) (3.3.37)
xq 0%

b

The objective is to minimize HX + AR) ie. FX « AX) = 0. A% is the difference
between the new value and the value from the previous iteration, The new value is

determined from cquation (3.3.36) by:

Xea1 =%p - $x )T HX) (3.

L
LS
s
(v,
o

Newron's method requires the compuration of the inverse of the Jucobion matrix. For
the two-dimensional case, this can be donc without solving a svstem of linear
equations, using the following method [21]. Ifi is the ith row and k is the kth column

the elements of the inverse Jacobion matrix are found by

(3.3.39)



T2
where Py is called the egfactor of the clement [y , and | I is the determinant of J.
P;, 18 the determinant of the (n - 1) % (n - 1) submatrix of the n x n malrix J oblained by
deleting the kth row and the ith column.

Newton's method converges quite fast (quadratic convergence), burt it is very
sensitive to the initial guesses. Tmital guesses far from the solution may lead to
erroncous solutions or the method may diverge. By using values from the previous
rimestep, the starting values arg accurale enough,

Solving equations {3.3.34) and (3.3.35) for a given torque results ina owrale and
speed. The sarresponding head is evaluated using equation (3.3.17) or (3.3.26) and
the efficiency at the operating point may be computed applying (3.3.33). This
technique is only valid for the operating range zbove the static head, i.e. beyond the
point where flow begins. Below this poinr the affinity laws can be applied and the
speed-torgue characteristics are described by equation (3.3.24), substituting 2 an 'l for

pl‘JJI.:

F i
LR
i
Jre
Lo

—

T (2

The torque-speed characteristics for the centmifugal pump for which the dara are
given in Figure 3.14 is shown in Figure 3,17, The flowrate versus torque is also
shown. The static friction logses of the pump shaft are neglected. Up to rhe peint
where flow begins, the T-n curve is a parabola according equation (3.3.40). The 1-V
characteristics [or the pump connected to either a separately excited or a series motor are

shown in Figure 3.8, Point a) indicates the start of motor rotarion, while b) indicates

the heginning of Mow.,
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3.3.5 TRNSYS Component of a Hydraulic System

In additon to the single input, the shalt torque, and the parameters listed below,
informarion about the pump performance at & given reference speed is alse necessary 1o
run the pump compoenent. Two separate files must be provided by the uzer containing
this infgrmation, The necossary data can be taken out of pump performance
characteristics provided by manufacturer (e.g, Figure 3.14). One of the files must
contain the head-capacity profile for a constant, i.e. reference speed. The user must
supply several data paits out of the head-capacily curve and to generate a file called
"HEAD.DAT". The first row of this file must contain the number of data pairs, The
tollowing rows should contain the data pairs starting with the flowrate in cubicmeters
per seconds followed by the head in merers, Flowrare and head must be separated by a
space or comnma. The sceond file, named "BEFTF.DAT", consists of the efficiency-
capacity profile for a constant reference speed. Like the file "HEAD. DAT", the first
row containg the number of data pairs and the following rows contain the data, The
first column must be the flowrate followed by a space or comma and the efficiency.
The program fits 4 curve through these data using the method of Least Squares

[burden].

As shown in Figure 3,19, the cutputs of the component are:

1.} n

speed [1/5]

2.) Typun = torgue [Nm]
330 = flawrate |in°/s]
43 H =head [m]

20 = efficicncy



6.) Poyq = Water power [watts]

7.) Pieen, = mechanical power [walls]
8.) Feil  :1 = maximum pump speed is exceeded
-2 = newton methad could not find reasonable solution
-3 = newton method did not converge within specificd number of
terations
14 = selected pump is to small to match system, i.e. speed required to

provide Mow is greater than the maximum permitted pomp speed

If fuil 3) occurs, the number of iterations needs to be increased in the component code,
The pump speed will not be limited to the maximum speed when the pump speed
exceeds the maximum pump speed, but the flowrate will be taken to be the flowrate at

maximum speed permitted.

If no information about the power at shutoff condition is available, P has to be set
equal 1o some negarive number and it will be ¢stimated, 1f it is available, it should be
the power at the sume reference speed which the files "HEAD.DAT" and "EFF.DAT"

are based on. The constants k, and k; are the constants according to equation (3.3.17).
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Figure 312 Information flow diagram of the hydraunlic system component

‘I'he parameters of the component arg:

1Ykl = constant [n1]

2)k2 = constant [s¥m?]

3.) ne = reference spoed [1/5]

4.0 Ny, = maximum pump speed permitted [1/5]
3.) Porp = shuloll power at reference speed [watts]

6.) Quem = nominal flowrate, the system is designed for [m*/hour]



Chapter 4

BATTERY STORAGE
AND
MAXIMUM POWER TRACKING

Many operations require a continuous supply of cnergy and therefore the need of
energy storage. A storage battery can be used for short term storage, thal is Lor the use
of energy during night time and time periods with low insolation. For energy transier
over long pericds such as cxeess summertime solar energy to meet high wintertime
energy demand, a battery is not an efficient tool. If a battery is selected o store
photovoltaic energy, charge controllers are required to protect the battery [rom
overcharge and excessive discharge.

Maximum power point tracking is used 1o maximize the power output of the PV
array. This results in a reduction of expensive cell material and an increase in the
economic value of the system.

This chapter includes a description of medels of a battery, charge controllers, and a
maximum power point tracker and a description of the TRNSYS components for these

COMponents,
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4.1 BATTERY MODEL

The presented battery model is adopted from the already existing TRNSYS model [2]
used by Evang et al. This model of a lead-acid storage battery was modified to operate
with the compaonents of a PV system presented in Chapter two and three. It provides a
relationship between voltage, current and the Siate of Charge (SOC) of the battery,
The model is a combination of the model developed by Shepherd [22] and that of
Zimmerman and Peterson [23] as recommended by Hyman [24], The equivalent circuit

describing the isothermal DC battery cell behavior 1s shown in Figure 4.1.

I

discharge charge 4

& A
- y v
Ro(IT) RedD
ED Ec

A

&

Figure 4.1 Equivalenl circuil for 4 haticry

The left leg is applicable on discharge and the right leg represents charge. The
¢xtrapolated open voltages, Eq on charge and Ep on discharge and the internal
resistances, Rp and Ry, as functions of depth of discharge, H, were introduced by
Shepherd. To take into account the behavior at very low current, Peterson and

Zimmerman introduced the diodes. The formulas relating voltage, V., as a funcrion of
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current, I, and state of charge (or more precisely depth of discharge). are on discharge

mp H

V=‘\"{;H:v"\-"pl-GDH+IR53f]+QL (4.1.1)
)
| QM Hj
and on charge
V=Voc + Vor- Ge LT+ I Rge 1 + r;“L—H] (4.1.2)
4
PR = |
Qv
where
(b = rated capacity of cell
QeQp = capacity parameters on charge, discharge
M = cell type parameters which determinge the shape of the I-'V-capacily

characterisiics
ByesRgp = internal resistvnces at full charge when charging, discharging
H = fractional depth of dischargs

GeGp = small-valued coefficients of H

The fractional stale of charge of 2 battery can be expressed as the ratio of aciual capacity

() = 80C) and rated capacity.
)
F=_ (4.1.3)

‘The fractional depth of discharge isthen: H=1-F,
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The open cirquit voltage may be expressed as

Voo =Esct Bsp (4.1.4)
2
where Eq- and ESD are the constant open circnit voltages, extrapolated from ¥V versus |
curves on charge and discharge at [ully charged battery. The voltage drop at the diodes
iz characterized by
1]

Vg = <Lt L1 49 41,5
H Ko 5 Bi¥) : / ke

where Ky and Iy are curve [itling parameters,

The internal resistances in equations (4.1.1) and (4.1.2) ure expressed by Rge and Ry

times the following term in brackets

I
RO = Ry 1+ DGR (4.1.6)
Qep
| Qum

When the cell is [ully charged (IT= (), the internal resistance of the cell is equal w Rge
or Rgp. As discharge proceeds the internal resistance increases and thus the voltage

drop incraases.

The I-V characteristics deseribed by equations (4.1.1) and (4.1.2) for four dillirent
state of charge levels are shown in Figure 4.2, The valtage scale is expanded for better

resolulion,
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Figure 4.2 Lead acid batiery T-V characteriziics for a 250 ampeze hour rated capacity, single cell at
iflerent levels of state of chargs (F in 4%)

At fixed IT, the voltage increases almost lingarly with the charge current and decreases
almost linearly with the discharge current. The effect of the diode is only significant at
low currents where the curves have an exponential behavier, The battery terminal
voltages on charge is higher than on discharge. The vollage decreases with decreasing

S0C.

The variation of SOC with respeet of ime may be determined om discharge:

1

AL with [ (] {4.1.7)
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and on charge

i .

€Q_ iy with 1> 0 (4.1.8)
dr

where () is the state of charge in ampere-hours and 1) is the charging efficiency, The
charging efficiency takes inta acgoun| thal some of the charging current is wasled in

producing gas snd various other losses. The efficiency is assumed to ke constant.

The presented model does not include the effeets of lemperature, batlery self
cdischarge and baltery aging, Battery aging refers to the number of charge-discharge
cycles the battery has undergone. Self discharge can be neglected in PV applications
where the bartery is continuously operated. The capacity loss doe to sclf discharge is

equalized frequently by charging the battery with excess PV energyv.

4.2 TRNSYS COMPONENT OF A BATTERY

The information flow diagram of the batlery component is shown in Figure 4.3, The
only input of the component is the current. The equations presented in section 4.1 are
valid lor a single battery cell, The batery may consist of several cells connected in
series and paralle! to satisly lhe voltage and current requirsments of the load. The
relations between the current and voltage for a single cell and the entire hattery arc as

Ferl Lowwwes:



Inper = CP Ip cent (4.2.1)

VEor = C5 Vi ean [4.2.2)

where CP is the number of cells wired in parallel and C8 is the number of cells wired in
series. CP and C8 can be specified as parameters by the user. These relations are uzed

for all currents and vollages scrving as input and outputs.

‘I'he output valiages Vp and Vi are the voltage limits on discharge and charge for
possible use in the charge controllers. The battery component does not limit any
operating comdition.  All the restrictions concerning the batlery protection must be done
in the charge controllers. To avoid batlery damage, the battery must be protected from
avercharge and decp discharge. Charging the battery to too high a voltage causes
gassing which reduces the charging efficiency and there is a danger of explosion from
the generated hydrogen and oxygen gases. In practice, one docs not discharge & battery
below a certain voltage. Cell vollage decreases almost linearly with depth of discharge
until & point is reached where the voltage drops more rapidly and exhaustion of the cells
is reached. Further discharge is not economical and may result in permanent damage,
Ve, and Vi, have to be provided by the nser for a single cell. Data are available in
buttery handbooks or can be obtained from manufacturer. While Vi is assumed to be
constant, a telation detenmining Vi as a function of the discharge rare, as provided by

Hyman |24] can be usad:

Vp=Ep-[I|Rp (4.2.3)
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‘I'he parameters of the components are
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This relation is used if parameter 6) 15 set equal to a negative value, If a constant value
for ¥y is desired, parameter 6) has to be sel equal 1o this constant value. The current I-
carresponding to Ve is an output and can be used by the charge controllers. The ontput

Py ... 15 the wasted energy during charge and is evalnated as

P[qggz{l "T]}P (4.2.4}

wherz P is the input power to the battery.

Parameters 1 to 3 determing the size of the battery. The current I has o be
evaluated numerically, since equarion (4.1,2) is an implicit relation for the current.
Parameter 7 1s an ebsolute tolerance which determines the accuracy of the evaluation of
I, The remaining parameters are battery dependent, A set of parameters for a lead
acid battery is provided in Appendix €. The parameters are taken from the TRNSYS
component code [2] and are originally [rom Hyman which he derived from daw of

Vinal [25].

4.3 CHARGE CONTROLLERS

Charge control is inevitable whon using battery for energy storage in PV svsiems. The
buttery must be protected from overcharge and deep discharge or damage of the battery
may result. I'wo standurd types of charge controllers have been modeled and will be

presented in the following sections: A simple voltage and SOC limiter for array and
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load shedding which is a series type charge controller, Secondly o maore sophisticated
shunt type controller which has o multiple step contral scheme,

SOC depends on many factors and is difficult to measure. Estimation of the state of
charge of a battery is usnally done by seasing the baticry terminal voltage, More
saphisticaled controllers also have ampere-hour accumulators which provide a more
accurate picture of the state of charge ol the batlery [26],[6]1,[27]. Both controllers
presented [n this thesis incorporate voltage sensing and ampere-hour accumulation.
The state of charge of the battery is actually evaluated in the batcry component using

equations (4,1.6) and (4.1.7).

4,.3.1 Series Type Charge Controller

The system configuration of a PV systemn with battery storage and a series type charge

controller is shown in Figure 4.4,

avervaliage mndervalinge
I prolection mrotection

—Pp— S~

Py array —Y Lol

Figure 4.4 PV zysiem with battery storage and a serics type charge contreller
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The contraller consists of two main devices: the overvoltage protection and the
undervoltage protection. In the simplest version of this type of charge conwoller, as it
is implemented in the TRNSYS component, relays turn off the current to or from the
bartery when it is necessary. When either the state of charge of the battery or the
voltage cxceeds the charge imits specified by the user, the array will be disconnected
from the battery and the load. The upper limit for the voltage is the voltage at which
severe gassing occurs. The battery is then discharged through the load. On discharge,
the controller will disconneet the load [rom the battery when either the barttery voliage
drops below the cutell vollage or the state of charge is less then the allowed final state
of charge. The batiery will then be recharged from the array. This stralegy attempls to
keep the battery at the appropriate charge level rathier than satisfving the load.

The diode between the array and the battery prevents the battery from being

discharped through the array during the night,

4.3.2 TRNSYS Component of a Series Type Charge

Controller

Besides the terminal battery vollage, Vg, and the terminal bartery current, Iy, the
controller takes the fractional siate of charge, F, the gassing vollage, Vg, and the cutoff
voltage om discharge, Vp, [rom the battery compaonent. The information flow diagram

is shown in Figure 4.3
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Fipure 4.5 Tnformation flow diagram of the series lype charge conroller

The parameters of the component ars;

1) Fp = discharge limil on state of charge

2.)) Fg = charge limit on state of charge

3.} Fpa = state of charge above battery can he discharged apgain afler being
charged

4.) Fea = state of charge below battery cun be charged again after being
discharged

3. Vpa = voltage above battery can be discharged again aller being

charged [V]

6.0 Vea = voliage below battery can be charged again afler baing
discharged [V]
7.) Igyax = maximum batlery current permitted [amps]

8.) Ipymy = minimum battery current parmitted |amps]

9. Vpoepe = voltage drop at the diode [V]
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Fy; and Fy; are the state of charge limils on charge and discharge. Faa, Foas Vpa: Vea
arc constraints describing a dead band which prevents the controller from oscillating
between the operating states. When the ballery vollage reaches the gassing voltage or
the upper imit of SOC, the battery will be discharged at least to the limits Fmy and Vg
hefore it can be charged again., The same 1s valid for the limits on discharge, These
limnits have to be determined very carefully. The performance of the entire PV system
might suffer if the dead band is chasen to large, becanse the load mizht be disconnected
from the batiery and the array longer than required. Setting the limits requires some
knowledge about the behavior of the entire system. The voltage limits Vo, and Vipa
must be specified for the entire battery and not just for one cell as it is the case for the
battery parameters Vi and V. The operating range of the battery and the dead bands
after charge and discharge are illustrated in Figure 4.6. The I-V curves for six different

SOC levels are shown. All the limits are chosen arbitrarily,

The ourputs of the controller are the voltage t the PV array, Vi and the voltage
to the load, Vipap. and a message, FAIL, announcing possible failure operation
conditivns., Vegpy differs from V) 4y which is equal to the battery terminal voltage to
the voltage drop across the diode. The diode voltage drop is assumed to be constant
which is adequate for currents greater then milliamperes. For a silicon diode the
voltage drop is approximately 0.7 volts.

Fail equal to one means that the discharge current is greater than maximum current
permitted. Fail equal 1o two means that the maximum charge eurrent of the battery ix
excecded. The controller does not consirain the current. The failure message is the
only precaution perlormed to inform the user that the battery or other swstem

components have been designed incorrectly.
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Figure 4.6 Tllusration of the batery oparation limits

To illustrate how a PV system, as shown in Figure 4.4, can be simulated vsing
TRNSYS, un information flow diagramn can be drawn as shown in Figure 4.7. All the
important individual components and their interconnection are shown, The direction of

the information flow is indicated through arrows. The load could be any kind of

electrical laad.
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In such a system,ihe opemating veliage range is determined from the baltery vollage.
Although the battery terminal voltage varies, as discussad earlier in this chapter, the
variation 15 relatively small. The battery acts almost like a veliage regulator, Therefore
the: battery should be the first component of the PV system called from TRNSYS. The
charge controller receives the batrery voliage and does the F and V checks as already
explained. ln the normal operaling mode, where the battery voltage and SOC are
within the limits, the controller does not interfere. The cell voltage differs from the

battery veltage by the magnitude of the voltage drop of the diode:

YeeLL = Yoope + Ve (4.3.13

The wvoltages shifted to the PV array and the load generate currents which are

transferred ro a hypothetical device called add. This device determines the bartery

current according to Kirchhoff's current law:;

)
o)
o

g = IceLL - ILoap (4.2

Add can be realized in TRNSYS using the Equation card [2]. The current Iy is then
returned o the battery and the process is continued until the convergence tolerancs is
sutisfied, and the operating point is found, When the battery reaches a charge level
which requires the disconncetion of the load from the batery, the comroller sels the
output Vy,,q equal 1o zero. That results in a bartery current equal to the PV array current

indicating that the battery is now being charged from the array.
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On the other hand, if the bartery is fully charged and the array needs to be disconnected,
the controller sets the output Vg, 10 some negative value. The resulting battery current

is now equal o the negative lpad current, and the battery is being discharged from the

[ard,

4.3.3 Shunt Type Charge Controller

The shunt type charge controller discussed in this section differs fundamentally from
the series tvpe coniroller presented above. The shunt type controller is a voltage
regulator rather than a voltage limiter as the series type controller is. Furthermare the
shunt type controlier has its priority on salisfying the load rather than keeping the
battery on a high level of SOC. The system configuration including a PV array, a

battery, a shunt type controller, and a load is shown in Figure 4.8,

I undervoltage
L V proleciion
o —
' l == &
I
I
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battery  —
¥
F—

Figure 4.8 PV sysiem with battery storage and ghunt typs charge conleoller
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The overvollage protection consists basically of 4 dissipative device. When the battery
is fully charged or when the battery voltage would exceed the gassing voltage, the
current into the batlery is reduced by shunting current through the overvoltage
protection branch. The power involved with this current is dissipated which is
technically realized using Zehner diodes, ransistors, or g bank of resistances [26]. A
disadvantage is the generated heat in these power dissipation devices.

Deep discharge is prevented by disconnecting the batlery from the load, When the
battery SOC ar the cutolf voltage on discharge would be exceeded the current flow out
of the battery is turned off (see undervollage proteclion in Figure 4.8). This is
equivalent to the operation of a direct coupled system, such as a system without battery
storage. The diode in the undervoltage protecrion device, acts as a valve and allows the
bartery to be charged from the array when the array produces more energy than the load
requires, while the switch is turned off, This control scheme prefers satisfying the loacd

rather than recharging the battery.

4.3.4 TRNSYS Componcnis of a Shunt Type Charge

Controller

The rask of modeling the shunt type controller is realized in two diffcrent TRNSYS
componcnts: part A wnd part B, At first the similaritics of both components will be
deseribed. In order to understand the selected inputs and outputs of these componants
Il is necessary to look at the configuration and the information {low of an entirs PV

system as il is would be implemented in TRNSYS.



Shunt Type Charge controller: Part A

The information flow diagram of the component is shown in Figure 4.9, The inputs
are the same a3 for the serics type controller except for the two additional inputs Vi,
and Guard. V.4 is the voltzge taken from the load component, and Guard is a signal

received from the shant cantroller part B,

WVBE VIoaD Guard T F Yo Wi

1 2 3 4 5 &

Shunt Charge Controller

Part A
1 2 3 4
VCELL WLOAD Signal SV

Figure 4.9 Tnfommation (low dizgram of the shunt type chargs controller pat A

The parameters of the component are:

1.) Vioa [V
29 Fp

35 B

4.1 Fpa

5)  Fes

8.0 Vpwope [V]



These parameters have already been explained for use in the series controller. Vpiope

stands for the voltags drop of both diodes incorporated in the controller,

T'he cutputs are the voltage 1o the PV array, V5 and the vollage o the load, Vi,
The remaining inputs are control signals: Signal is for possible use in the PV array and

the load, and 5V iz for the use in the shunt controller part B,

Shunt Type Charge controller: Part B
The inputs for this component are the battery current and voltage, Iy and Vi, the upper
limit on voltage and the corresponding current, Ve~ and lq, and a control signal, 8V, as

shawn in Figure 4.1,

As outputs, the bamery current, Ip, a signal, Guard, the dissipated power, Pdiss,
and a failure message, Fail, have been selected. [ail reports if the battery current limits
are exceeded: Fail = | means that the maximum discharge current is exceeded and Fail
= 2 means the the maximum charge current is cxceeded. As with the series contoller,
the current will not be resiricied to its imits. The failure message is the only precaution
taken to show the user that the battery or other system components have nol been

properly designed.
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Figure 4.10 Informarien flow diagram of the shunt iype conlrmller part T

The parameters of the componsnts are:
L3 Ig prax = maximum battery charge current permmutted [amps]

& Ip paw = minimum battery discharge current permitted  [amps]

The information flow diagram of 4 PV system using the shunt controller is more
complex than that [or the system using the series tvpe controller. All the impartant

individual components and their interconnections are shown in Figure 4.11,
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Considering the normal operation mode (where the battery SOC and the baltery

rerminal voltage are within the specified limits) the current goes into the battery and the
resulting vollage is shifted to the controller part A. The valtage across the load has the
seme magnitde as the battery voltage. In this case, the switch of the undervoltage
protection device is closed, The cell voltage differs from the bartery voltage by the
magnitude of the voltage drop of the diode according w0 equation (4.3.1).
The voltages are shified to the PV array and the load component and ganerate the
corresponding currents. These currents are transferred to the add device which
determines the battery current corresponding to egualion (4.3.2), At the normal
wperation code, the hattery current is passed through the shunt controller part B and
retirned to the batlery component. The process described is iterative. Starting with an
initial guess, the lteraton will continue until the convergence tolerance on all inputs is
satisfied and thus the operating paint is found.

The shunt controller part A performs the checks on F and the batlery voltage.
Assuming the batiery is being charged and the batiery voltage would exceed the upper
limit on voltage or gassing vollage, V. In this case the contraller will switch (o a
trickle charge mode. The voltage is reduced to Vi by limiting the battery current to the
current corresponding to Ve, which is I, Physically this is done by shunting current
through the overvoltage protection branch as explained above. In TRNSYS, this is
done by sending a signal, SV ($V = 3), 1o the contraller part B. Controller part H sats
Ie: which it takes from the battery equal 1o I and returns this reduced current back to

the baltery. Tt also evaluates the involved dissipated power which is

Pass ={Ip - Ic) Ve (4.3,3)



