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The trickle charge mode and power dissipation computation explains the inpurts I, Vi,
and ¥V 1o the coniroller part B, Trickle charge of the battery is thus always being
performed with the current I, Since T will vary with SOC, the shunt controller is
comparable to a multi stage controller [nasal.

I the battery is [urther being charged, the controller remains in the frickle charge
mode until the battery is fullv charged, and that the upper limit on SOC, Fi- specified by
the user, is attained. Further charge would result in battery damage and must be
resiricted. Again g signal, SV (8V = 2), is sent from the controller part A to part B
indicating this situation. Controller part B will limit the current to a very small
magnitude (0,1 amps) by dissipating the excess power, This current is so small thal &t
docs not increase the 50OC significantly. Once the battery is fully charged, it can only
be charged again withour restrictions if SOC drops below F,. 4, as specified by the user,

When the battery SOC or the battery vollage would cxceed the limits on discharge,
Fiyand Vi, a signal, 8V, iz sent to the controller part B which sets the battery current
ciual Lo zero, In this way the battery 1s disconnected from the load. This situation has
crucial consequences on existing information {low among the components. Since the
battery is "turned oft”, the siluation represents a direct coupled system consisting of the
PV array und the load and an iteration must be performed between these componenls o
find the operating point of the system. Therelore controller part A sends a signzal called
signal (signal = 1) to the array and the load component. In the array companent, the
signal will invoke the convergence promoter which is neccssary to run a direct coupled
systemn as discussed in Section 2.6, The elfeet of the signal in the load component i8
that the input mode is switched from significant voltage input to significant eurrent
input. The iteration procedure (controller A) ignores the battery vollage which would

be the open cireult voltage of the battery and takes the voltage from the load, increased
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by the diode voliage drop, as the vutput Vegpp. The significant input to the load
component is now the current received from the call. The resulting voltage is remurned
to the contraller part A. Bul belore controller part A is called, the controller part B is
called from the TRNSYS executable program. This controller will receive a batiery
current equal zero from the add device. Because I, and I are identical, I is
according eguation (4.3.2), equal to zero, Therefore the bartery will remain
disconnected and this operation mode will stay throughout the timestep.

Knowing the battery is discharged and needs to be charged, an effort is made to
charge the bartery while still marching the load at the following timesteps. At the
beginning of the tfimestep the batlery is reconnected and the normal operaring mode is
used, except that the cell voltage is now the battery voltage plus lwice the diode voltage
drop. The voltage across the load is also increased to the diode voltage drop, Vi
which 1s equal to the sum of Vg and V.5, The controller part B, forced by a signal
(SV = 1} received from controller part A, checks on the battery currenl. If the current
turng out to be negative, meaning that the batery would be discharzed, the battery
current is set equal to zero and a signal, Guard (Guard = 13, is send 1o controller part A
which switches the operation mode back to the direct coupled mode. Otherwise the
recent mode will stay until the battery SOC and the battery voliage attain the limits Fpy

and V ;4 specilied by the user.

To summarize the major decisions, the checks on F and V are done in the controller
part A, The controller part B models the valve at the undervoltage protection mode and
limits the current zt the overvaltage protection mode. Both conrrollers cammunicale via

vontrol signals.
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4.4 MAXIMUM POWER POINT TRACKING

The power output characteristics of a PV cell has a point where the power 18 at 118
maximum magnitude. According to Figure 2.3, the maximum power point is close to
the knee of the I-V curve of the PV array. Operating the array at this point would
puarantes the highest efficiency and the maximum power output of the array, Since this
point varies with insolation and temperamre, there will be 4 mismatch between Ioad and
array @l conditions other thun design conditions, Maximum power tracking insures thal

the array operates at the maximum power point at every instant for any given load.

Many strategics and conlrol schemes have been devised o locate the maximum
power point, The most commoen strategies are based on maximizing the power output
of the array. Ducciarelli er al. [28] developed a tracker which is an electronic switching
regularor behaving as a de-to-de ransformer with an adjustable input-to-ourput volage
ratio. This ratio is determined by a microprocessor-based aptimizing contraller, The
controller conlinuously maintaing PV array operation at the maximum power point by
measuring array power and adjusting the ratio using a Aild climbing algarithm. ‘The
miaximum power point tracker (MPPT) can operate in four different modes with
efficiencies varying from 97% 0 99%, Salamch [29] developed o MPPT based on the
same strafegy, i.c. sensing the power cutput of the array and searching for the
mzaximum power point. The input-to-output voltage ratio is determined using an analog
circuirry based conrol srarcgy, A MDPPT devised by Landsman [20] differs from those
mentioned above but obtains the same effect. The strategy is focused on maximizing
the power to the load rather than searching for the maximum power curput of the array.

This is done by either maximizing the current or voltage to the load. This strategy
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allowed z simpler technical solution by using digital logic, The efficiency of this MPPT

is reporiad to be 96.7%.

The developed model of 2 MPFT component incorporates the basic idea of

maximum power racking, that is, o find the input-to-output voltage ratio, N, such that

= Yo 4.4.1
-\iflr_mrj { o )
Assuming an ideal MPPT, the currents are related by
N = load {(4.4.2)

1.u.':-e-.ll

That means the MPPT is treated as a black box containing basically these eguations.
Figure 4.12 shows a systemn configuration including the array, the MPPT and a load.
In reslity the MPPT is not ideal and has a certain efficiency. For simplification anly

the current from the MPPT to the load 1s reduced by an efficiency factor, that is

_ Jjeaa p
N = a fa.4.3)
leelr M

where the efficiency is defined as

e le{d P
1) = wliad 4.4.4)
pcell (
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Figure 412 Basic maxinmum power poinl tracker conliguration

The principle of maximum power point tracking is illustrated in Figurs 4.13. The
original I-V curve modelled a Solarex MSX-30 module al an irmdiation of 9269 Wim?
and an ambient temperature of 17 °C. As a load, a fixed resistance of 20 ohms was
selected, The I-V curve with maximum power tracking was generated applying
cquations (4.4.1) and (4.4.3) for each I-V pair on the ariginal 1-V curve with N =072
and 11 = 0.97. The curve with constant power represents the curve at maximum power
reduced by the power loss in the MPPT, The maximum power point of the original
curve can be found by travelling along the constant power curve until it reaches the
point where the power line intersects with the load line (point b). That meuns that the
cperating point of the system is now point b). Without maximum power tracking, the

svstem would operate al point a) and thus at a reduced power level.
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4.5 TRNSYS COMPONENT OF A MAXIMUM POWER

POINT TRACKER

The determination of the maximum power paint of the PV array for any environmental

condition was already done in the PV aray component (see Chapter 2.3). The task [or

the MPPT commponent is then simply finding the ratio to adjust the current and voltage at

maximum power point to the load condition. The inputs to the component are therefore

the current and voltage at maximum power point, Ly, and Ve and the Toad voltage,

Vs 85 shown in Figuee 4,14,
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To accelarate the iterative process in finding N, and to assure convergence, 4
canvergence promoting alporithm is included in the component. The convergancs
promoter is used when running a system without bartery storage. Since the operating
voltage is within a small range as determined by the baltery voltage when tunning a
swvstem with battery, a solution is found after z few iterations using successive
substitution. The inpur Mode fixes the desired aperation mode. Mode equal 10 zero
means that the convergence promoter is turned off otherwise i is turned on.

The enly parameter of the component is the MPPT efficiency, which is assumed w
be constant over the entire operating range. The outputs are the current for use in the

load component and the mpur-ra-output veltage ratio, .



Chapter 5

SYSTEM ANALYSIS

Chapters two, three and four treated the mathematcal models of the individual
components of a PV system. The theory of these models were discussed and I-V
curves describing their electrical behavior were generated, This chapter trears the
characteristics of the entire PV systems. The intention is to discuss the behavior of PV
systems in general and to point out some typical features. It is not intended to provide
derailed parametric stodies or optimization studies. It is demonstrated how information
flow diagrams of the PV systems can be constructed o ran TRNSYS simulations.
Hints on how to use TRNSYS are given, Firstly, direct-coupled syslems arc
discussed using motor loads as representative examples. Secondly, systems with
battery storage are examined. Finally the effect of meximum power point racking on

hath kinds of systems is studied.

5.1 DIRECT COUPLED SYSTEMS

FY systems, where loads are directly coupled 1o the PV array, i.c. without power
conditioning devices or baltery storage, are called direct-coupled systermns. These

systemns are in use for cases where the load profile follows the solar radiation profils.

L7
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The most common application are water pumping systems. Irmigation of farmland can
be done during the day when solar energy is available,

T'wo motar load applications are examined: a motor ventilator load and a motor
ventrifugal pump load. The two developed DC-motor models are compared by

simulation and evaluated.

Motor-ventilator load
The behavior of direct-coupled systems can be examined by superimposing the PV
array -V curves on the load [-V curves. For the same ventilator-motor combinations,

presented in Chapters 3.3.1, 3.3.2, and 3.3.4, the 1V curves are shown in Figure 5.1.
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Figore 5.1 [V characterisucs ol a PV genargior and DO motor-fan loads (separateley excited and
steriey molorly Solares MSX-20 array (7 modulss in series, & modules in parallel):;
conditiong zre those in Chapler 3
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The PV array 1-V curves correspond to the day time conditions as indicated. These are
the same conditions at which the motor n-T curves (Figures 3.3 and 3.5) were
conducted. The darta of the array, the motors, and the ventilalor are listed in Appendix
C. The system operates where the array curves and the load curves intersect. The
separately excired motor starts rotation earlier than the series motor, The task ol system
design is 1o operate the load close o the maximum power points of the PV array.
Although both motor curves do not follow the line of the maximum power points of the
PV array curves, the separately excited motor behaves better. Most of the time, the
operating points of this motor are much closer to the maximum power point than the
series motor operating points, This is especially true ar low radiation levels,

The system can be optimized by selecting the number of modules in serics and in
parallel so that the load marches the maximum power points of the array most often
throughou! the year, This is a difficult 1ask because the location of the power paints
depend on temperaturs and irradiation varving with time. However, one design crileria

is to match the maximum power point at an irradiance of approximately 800 W/m?.

Motor-pump load

The electrical behaviaor of the motor-centrifugal pump load is similar to the motor-
ventilator load. Tn Figure 5.2, the IV characteristics of a2 PV array and the motor pump
loads are shown, The data for the series and separatcly ¢xeiled motor and the pummp are
the same as used in Chapter three. The PV array I-V curves are obtained at a constant

cell temperature of 25 °C and at five different insolation levels.
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Figure 5.2 [V characteristics of o PV generator and a centrifugal pump driven by a separately
excited and a sories motor, Kyocers module (14 modules in series, 10 modulbes in
parallel); Teall = 25°C at five insolaton levels

The separately excited motor is more compatible with rhe array than the series
moter. The power requirements and hence the frradiance to start the motor and (o
provide flow are less for the separately excited motor than for the series motor. The
power required to deliver water depends on the static head of the pumping system; less
static head requires less power.

Both motors are compared by running a daily and a vearly simulation at Madison,
Wisconsin, The daily simulation was done for the first of Junc using TMY weather
data. The delivered water versus the time of the day for both mator combinations is
shown in Figure 5.3. The TRNSYS decks. containing the dala of the sysicm

components, ars listed in Appendix B,
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Figure 5.3  Daily volume of pumped water for two different nmctor-pumg combinaticns.
In Madison, Wi, on June 1st.

As it 13 expected, the separately excited motor delivers more water in the early
morning and the late afternoon, The difference is not significant in the middle of the
day where the molors supply approximately the same flowrate. Considering the entire
day, the separately excited motor delivered approximately 20% more water than the

series motor.

Regarding a yeatly period, the trend is the same. Tlgure 5.4 shows the flowrate
versus tme graph for the TMY year in Madison, Wi, The waler pumped using (he
separately excited motar is about 24% more than the water pumped using the series

TNMOTOT,
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3.2 SYSTEMS INCLUDING BATTERY STORAGE

‘T'his section considers systems where the batiery is connected in parallel w the PV armay
and ta the load as shown in Figures 4.4 and 4.8. The operating voltage of such 4
svstem depends on the I-V characreristics of all involved components, that is the PV
arriy, the batrery, and the load, Since all components arc wired in parallel, the voltage
across their tarminals must be the same lor all components (neglecting the voltage drop
across the diode), The operating voltage is determined ar the voltage where Kirchhotf's

current law is satisfied. There is only ane voltage where this is the case. Depending on
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the insolation level, the battery is on charge or discharge for a given load profile, 1f the
irradiance is large enough, excess energy can be used to charge the hattery. Figure 5.5

illustrates the operating conditions for a system with battery on charge.
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Figure 5.5 Hipstration of the operalion of & PV aystem including TPV array, battery on charge
and a separately excited motor-lan load. Batlory: lead soid; med 2350 Ah, 30 cells in
saries, SOC = 100%,. PV moduls: Solarex MSX-30; 7 moduoles in gecies, 6 modules in
parallel, ar 963 W/m? and ambient T = 16.7°C

The operating voltage is given at the voltape where the difference between the array

current and the load current is exactly cqual to the current into the batery.
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Figure 5.6 lluswation of the operation of a PV system including PV armay, battery on discharge
and a separaely axcited motor-fan load. Battery: lead acid: eated 230 Ah, 30 colls in
setics, SO0 = 100%. PV modele: Solarex MSX-30; 7 modules in series, & modules in
parallel, at 319 W/m? and ambient T = 13.9°C

The siluation for discharge is shown in Figure 5.6, The battery I-V curve is drawn
in the first guadrant for better illustration. Corresponding to the chosen current sign
convention for the batlery component in Chapter four, the battery I-V curve would be
located in the fourth quadrant. Figure 5.6 shows the situation where the array current
cannot match the load within the voltage range of the battery. To make up the
difference between the load and the array current, the battery current is nccessary, The
operating voltage Is determined where the load current is equal to the sum of orray and
hartery current,

[or a given fixed motor I-V curve, the operating voltage is nearly determined by the

hartery terminal voltage. The battery acts like a voltage regulator and can be used to
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operate the PV array close to its maximum power points. This can be accomplished by
selecting the proper number of battery cells in series so that the battery I-V curves

match the maximum power line of the PV array, as shown in Figure 5.7.
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Figure 5.7 -V characieristics of a PV generator, a lead acid baery (charge and discharge), and #
separately excited motor-centrifugal pump. Kyocera modula: 14 modules in serics, 10
mexdules in parallel. Battery: rated 250 Ah, 105 cells in series, 5 cells in paralicl. Cell

lemperature = 23°C

The operating range of the system is determined by the largest battery voltage, that is
when the battery vollage is fully charged and the gassing voltage is reached, and by the
smallest voltage permitted, that is the cutoflf volltage on discharge. The [V
characreristics ol the battery vary with SOC and the battery voltage depends on the

charge or discharge current. On the other hand, the maximum power line changes with
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radiation and temperature. Therefore an exact match between ballery and load can
generally not be attained. A proper dasign, however, of the entire system may result in
a pood utilization of the PV array.

If storage 15 necessary, water storage is commonly used for water pumping
syslemns, Ballery storapge might be appropriale when pumping is required in large
guantities or when pumping is required by a fixed quantity per hour or per day, A
battery can improve sysiem performance at large system static heads requiring a high
insolation level o pravide flow. The batlery can be designed to operate above the knee
of the pumping system I-V curve, ie above the point where low begins., This
guarantess a continuous flow.

The performance of a waler pumping system with ballery starage is shown in
Figures 5.8, 3.9, und 5.10. The duily solar radiation variation and duty cycles of the

battery for 48 hours are shown in Figure 5.8,
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Figure 5.8 Solar radiation and 30OC of bauery curves
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The battery was permitted to operate between full charge (F = 1) and 70% SOC (F
= (1.7} nsing the shunt type charge controller. The hattery SOC follows the variation of
irradiance. Starting at lam, the battery is being discharged until the radiation level is
high enough to charge the battery. At hour 13, the batrery is folly charged and the
cacess ciorgy 1s dumped.

In Figures 5.9 and 5.10, the performance of the system is illustrated comparing the
series and the shunt type charge controller. The pumped water versus time is plotted in
Figure 5.9, The amount of pumnped waler per hour changes a little and is within the
runge of approximarely 13 to 17 cubicmeters per hour, except at hours from 27 (o 31,
At that time the batrery reaches the discharge limit. In this case, the series conmoller
disconneets the motor from the battery and the battery is on charge mode, Al hour 32,
the battery is charged encugh o reconnect the load. When using the shunt contgoller,
the battery reaches the discharge limit at hour 28, In contrast to the series controller,
the shunt controller disconnects the battery from the load while it is still altlempled o
match the load. At this operating stage, however, there is only enough solar energy
available ta provide flow at hour 31, At hour 32, the radiation level permits maiching
the load and charging (he battery agsin,

Figure 5.10 is a plot showing the battery fractional SOC versus time of both charge
controllers. The advantage of the modeled charge conwollers is obvious regarding he
confrol stralegy when the battery becomes fully charged. The series controller
disconnects the array from the bamery and the battery is discharged by the load. On the
other hand, the shunt controller is atill connected to the system bus and stays on charge
receiving a small charge current. The result is that the battery stays on a higher charge

level than s the case for the series contoller which has slso (he elfect that the
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operating voltage is higher and hence the pump provides more flow (hours 13 10 15).
The jump in [lowrate and F al hour 17 is due to the fact thar the battery SOC is
discharged below the deadband limir after being fully charged and 1 then on charge

again,

5.3 SYSTEMS WITH MAXIMUM POWER TRACKING

The performance of some direct-coupled PV systems can be improved immensely using
a MPPFT, Because al the mismalch between the load I-V curve and the array -V curve
discussed in Section 5.1, the maximum power tracker will assure that the PV array
always operates arits maximuom power point. The results from a comparison of a werer
pumping syvstem including a MPPT and the direct-coupled system is shown in Figure
2.1 A separately excited motor was vsged to drive the cenwifugal pump. The
maximum poawer tracked system provided a total of 8.3% more water than the direct-
coupled system for the 1st of Tune using 7MY data, The MPPT efficiency was
assurmed to be Y97% efficiency and the system data are listed in Appendix C. A printout

of the TRNSYS deck is listed in Appendix B,
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racking, Toeation: Madison, Wi,

Using a MPPT in syslems wilh batlery storage, the effectiveness iy rather low,
This is due to the [act that such a system, if designed properly, slready operates close to
the maximum power points of the array. Improvement requires a MPPT with a very
high efficiency. Tigure 3.12 shows the results for a yearly simulation of a batery
system with and without MPPT, The system with MPPT viclded only an increase of
approximately 1% pumped water. The simulation provides rather an idezl situation,
The temperature effects on the battery performance is not considered in the battery

model. For example, a batlery exposed to the environment could experiance,
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depending on the site, a large temperature varation. In realily the mismatch of the load,

battery and the PV characteristics is larger than the simulated one and ¢ MPPT might be

rmore glleciive,
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Figure 5,12  PResults from vearly simulations of a svstem with battery storage, with and without

maximum power macking
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5.4 TRNSYS System Information Flow Diagrams

A brief introduction of TRNSYS has been given in Chapter ong, and same comments
about how a TRNVSYS deck has to be constructed to run a simulation has been made in
Chapter four. In this section some additional explanations and suggestions are
presented.

All the components of the system and the information flow between the components
are specified in the deck, The information flow can be visualized drawing the
information flow diagram. As an representative example for direct-coupled systems, a
systemn including a PV array, a mator, and a fan are chosen, The informarion flow
diapram of this systern is shown in Figure 5.13. Only the important inputs describing
the informarion flow are shown. Not shown is the dara reader component and the solar
radiation processor component. The data reader 15 used to make the meteorological dara
available to the simulation, Because the solar radiation iz usually given for a harizantal
surtace at hourly intervals, the solar radialion processor may be used o cslinale
insolation vn up to four surfaces of either fixed or variable orientation, according to
established methods [2],[31]. The solar radiation processor also interpolates the data
for fimesteps shorter than the timestep for which dala arc available. The first inpuf of
the PV array is the irradiation which is taken from the solar radiation processor. The

ambicnt lernperature is taken directly from the data reader.
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Irradiation and temperature are the forcing variables for the simulaton. For a given

sof of irradiance and temperature, the TRNVSYY execulable program calls the individual

compoenents sequentially and performs the previously described iterative process w find

the selutien. A solulion is found when the change of all inputs frons the previous wod

the current iteration is less than a specified tolerance, TRNSYS then moves on to the

nest lmestep and repeats this procedure [or a different ser of irradiance and

temperature,
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The calling sequence of the individual components has to be specified in the
TRNSYS deck, In the case of the system in Figure 5.13 the calling scquence is as
follows: the PV array is called first and the current is evaluzted given an inital vollage
guess and the weather data, The current is transterred (o the moter component, As
already explained in Chapter 3.3.3, a recyclic subloop between the motor and the fan is
invelved. This subloop can be forced by using the TRNSYS loop command (see
saunple decks in Appendix B). The motor and the fan are called until the speed, the
torque, and the voltage, corresponding to the current from the array, are determined.
The wvoltage is returned to the array and provides a new guess resulting in a new
current,

TRNSYS provides a tool called the accelerator, which promotes convergence and
accelerates the described Lieralive process. This accelerator should not be used in
simulating the PY systemms. Convergence promoting algorithms are included in the PV
urray comporient and the mator component; an additional convergence promoter would
interfere and might lead to crroneous resulis,

Replacing the fan by the hydraulic system component allows the simulation of the
direct-coupled water pumping system. In the case of 2 Tesistance load, the motor fan
components are simply replaced by the resistance component. The information flow

diagram for such a system 1y simpler because the subloop can be omired.

Information flow diagramns for systems with batiery storage were shown and
explained in Chapter four. It remains (o be said that if simulating motar loads, the load
compaonent shown in Figures 4.7 and 4.11 can be replaced by the motor and pump

component,
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A MPPT can be included and connected as it shown in Figure 5.14. The voitage
from any load is now input to the MPPT, instead to the PV wrray, and the current lo the
load has to be taken from the MPPT. For a sysiem wilh baticry storage, the voltage

from the charge controller would be input ta the MPPT,
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Figure 514 TRMSYS syawem configuration of a PV svatem including a PV array, @ DO molor, &
purnp, and a maximuam power racker.
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Finally, some suggestions sbout the convergence tolerance and the number of
iterations permitted to find the solution are presented bellow. The tolerance can be
specified by the user. The accuracy of the simulation and the length of the simulation,
i.e. the number of Llerations required (o [ind the operating point depends on the chosan
tolerance. Tor all simulations performed using the developed PV system components,
a relative wlerance of 0.001 provided a satisfactory tradeoff berween nccuracy and
amount of iteratons and is recommended, The number of allowed iterations also can
be specified by the user. Simularing direct-coupled systems with a resistive load, a
limit of 30 ilerations was never cxceeded.  For motor loads this number has ta be
increased, because of the involved subloop. A total number of about 60 iterations is
sugzested and the motor subloop should be allowed to iterate 30 times. The lirnit has o
be increased again when simulating battery systems. Systems including the shunt type
contraller requires morg iterations because control decisions made during the timestep
might completly change the operating situation of the svstem. [or instanee, if the
battery reaches the discharge limit, the controller disconnects the battery from the load,
which 1s then equivalent to a system without battery, 1.2, the operating point has o be
determined between array and load, A limit of 200 iterations is proposed [or thess
systems, Care must be tuken in setting the charge conrroller limits. If the deadband
limits are not chosen properly, the controller might oscillate and TRNSYS may not

COonverge.



Chapter 6

SIMULATION AND COMPARISON

To validate the developed computer models, a comparison bolween TRNSYS
simulations and experimental data has been made. Simulztions of a direct-coupled
water pumping system and a water pumping system with maximum power tracking are
compared to experiments conducted at the Florida Solar Energy Center (ESEC) [32].

The data are from a series of experiments of different system configurations
condncted at FSEC, Two system configurations were selected and compared with
computer sinmilations. System A cansists of a centrifugal pump driven by a 1/2 hp, 36
volt DO permanent magnel motor operated from a single-axis passive sun tracking
array, System B consists of the same centrifugal pump-motor combination operated
from a fixed array coupled to a MPPT.

The arrays in both system configurations have the same maximum power rating,
bul are conligurated differently. For system A, three modules are connecied in series
and two modules are connected in parallel. For System B, all six modules ars wirad in
series. The head versos flow rate characterizsties of the pump-motor combinalion were
given for a range of vperating voltages. In order to run the simulations, the pump
performance data had to be made compartible with the requircments of the TRNSYS

componant of a hydraulic system, The required data for this component are head flow
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rate and efficiency-flow rate data pairs at a chosen relerence speed. The motor
paramelers were also not given explicitly, The series resistance could be obtained from
the slope of the pump-motor [-V curve and the motor constant could be obrained

applying the motor relations presented in Chapter 2 1o the rated motor values.

The system head-flow rate profile is shown in Figure 6.1. The system head
consists only of a dynamic head, i.e. the water was just circulated through a eircuir.
The Figure shows the measured system head profile and a firted curve approximarng
the measured data according to equation (3.3.16). The conslants ol this cquations were
determined to be Xy = 0.118 and k; = 4.9e6. The nature of the polynumial described
by equation (3.3.16) does not allow the intersection with the () axis if the head has to
be restricted o positive values. Hence, the fitted curve does not match accurately at the
region where [ow beging, The difference between the curves beeomes significant at
flow Tates greater than 0.0012 m?, Since the pump was operaied below this point, the

curve fit is a good approximation to the measured curve.

g O—  acius] profils

] — 4 fimed curve

Head [m]

0.00a0 00005 CLO010 0.00Ls
)} [m*3]

Figure 6.1 System head profile, The measured and the fitted profiles are shawn



The experiments were conducted over a period of one day. Figure 6.2 shows the

irradianes profiles of the two differant systemns at that day, "The ambient temperatures

were not available. It is ussumed a temperature range from 26°C in lhe morning o 32°C

at noon, typical for the location (Cape Canaveral, Fl) and the szason of the year

{August) at which the experiments were conducted.

irradiance [W/m*2]
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Figure 6.2 Daily irradiancs profiles of the simulaed systems

Additional assumptions had (o be made gbout the array parameters, Wise, Lvoc, NCS,

Teopoor - Tanoot. @ueeer, and the static friction and the viscons friction components,

C.ig &nd Cie of the motor rorque loss relation. All the data of the system components

as used in the simulalions are listed in Appendix D.
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Strategy of the Simulations

Firsl System A is simulated wsing lhe data and assumptions stated above, Since the
uncertainty involved in reading the data from the given graphs and the inaccuracy
involved in assuming the parameiers which were not available, a parametric stady is
conducted to investigate the effect of the assumed parameters on the performance of (e
system, Once the mends of the simularions in comparison to the experimental data are
known for System A, Systemn B can be studied and the performance of the madelled

MPPT in comparison to the real device can be evaluated.

System A

A system can be examined looking at the performance of its individual components znd
looking at its owverall performance. At first the PV array is examined comparing the
measured and the predicted maximum power cutput. Then the entire system is
examined studying fow rate , head and the pump-motor efficiency.

The model of the PV array has already been proven to simulate the I-V
characteristics accurately [3]. The maximum power point is an appropriate parameter 10
evaluate the model, sinec maximum power output is independent of the connecred load.
Figure 6.3 shows the measured and the predicred maximum power output during the
day. There is almost no difference between the predicted and the measurcd valucs in
the morning and the late afternoon. The difference is significant between hours 13 to
15 and was a maximuom of 4.5% at hour 13, "The simulation provided, however, rather
consgrvalive results, The mismatch at the hours with large radiaton and high
temperatures might be due o an incorrect assumption of the NOCT temperature or the
sctuadl ambient temperarure. An effect of a change of the assumed parameters Lise: and

Wyoe could not be observed as it is shawn in Figure 6.4,
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Fizure 6.3 Maximum power outpat of the array. The measured and the pradicted curves are shoem
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Figure 6.4 Maximum power ovtput of the array. Estimated -1 is the original curve, Estimated - 3
Mige: = 1.38-3 A/K and [ = =75, 5¢-3 V/K. Estimated - £ Jse = 3.2-3 A/K and

Moo = =79, 5e-3 VK



The performance of the entire system is illustrated in Figures 6.5-7. 'The
simulations were run using two sets of motor paramersrs. Thus the eventuul
uncertainty involved in reading the data from the graphs can be explained. The shape
ol the measured as well as the shape of the predicted curve are smiliar. At the first hour
and the last hour where solar radiation is incident, the simulations yield lurger guantities
of pumped water than the experiment, This might be due to the mismatch of the
measured and the fitted system head-flow rate profile at low system head, as shown in
Figure 6,1, The cffcet of the molor paramelters is apparent. The curve indicated as
estimated-1 was simulated using a series resistance of 0.43 ohms and a motor constant
at 0,188 Vs obrained from the given data. For the curve indicated as estimated-2, a
series resistance of 0,59 ohms and a motor constant of 0,173 Vs was used, The
different motor vonstants result alse in different pump head-flow rale and head-
efficiency characteristics, since the data were given in a form where the motor and the
pump were considered as one unit. Increasing the inernal resistance decreases the
motor pump performance, The daily differenec of pumped water betwesn the measured
data and the simulzted data of estimared-1 is approximately 2.5% while the largest
difference is 6% ohserved at hour 13. The simulared curves provided rather
conservative results, The same trends can be observed looking at the total head
developad during the day and the daily motar-pump efficiencies as shown in Figore 0.6
and 6.7, Increasing the scrles resistance of the motor causes a shifl of the motor-pump
I-V curve towards the I axis, 1.e. away from the maximum power peint of the array.
The system is then operated withio a2 region of reduced motwor-pump eflicicney and
therefore less hydraulie power can be developed | i.e. less flow and less head. Thus
the conclusion can be drawn that the mismatch between the measured flow and the

simulated flow (estinared-1) ean be due to the use of an inaccurzte value of the motor



parameters, Another [actor might be that the PV array model predicted less maximum
power than the real array. However, the resolts of the simulated performance of the
waler purnping system is quite pood. As mentioned above the pradicted daily flow was

2.5% less than the measurad flow,
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System B

The only differsnce in the system conliguration Lo the system above 1s the addition of a
MPPT, Therefare the gnalysis of this svstem is concentrated on evaluating the
developed MIPPT model,

The flow rate versus time of the day curves for the real system and the simulated
system are shown in Figure 6.8, The shape of both curves is again of the same qualify.
The MPPT model predicted higher flow rates than the real system except for the time
fromm noom to 3pm. The reason far that can be found locldng at the MPPT efficiency of
the rzal system as shown in Figure 6.9, At low insalation levels, the efficiency of the
izl MPPT drops from about 93% at high insolation levels drastically o approximately
35%. Atlow insolatdon levels, the intersection of the load IV curve with the aray I-V
curve is further away from the maximum power point of the array than at high
insoladon levels. The input-to-ourput voltage ratio 1s in this case much greater than
ang, which a real MPPT cannot handle without sacrificing efficiency, The efficiency of
the MPPT model was assumed to be 23% over the entire voltage range, The MPPT
model oversstimares the performance of the system because of its ideally behavior. The

predicted flow rate is 9.7% higher than the measured flow rate.



Figure

Fignre 6.9

O [m"3/hour]

6.8

MPPT efficiency

Ly
o

4
3]
2

—O— measored
1- —*—  agtimuied - |

| L L LI LI ENNLI TLE ML N D S e e e i

5 & 7 B 9 10 I 12 1% 14 15 16 17 18 19 20 21
hour

Flow mie versus lime (or a syslem with MPPT. Measured end predicted peclormance
CUTVES

1400

rlL -l T 7] .F 1T 1 XTQ1 FT ETF T T T 0T 0 °F

5 6 7T 8B % 111 12 13 14 15 16 17 18 19 20 21

hour

Maximum powar point efficiency versus time of the read dovies



Chapter 7

CONCLUSIONS
AND
RECOMMENDATIONS

7.1 CONCLUSIONS

The Computer Models
The objective of this research is to develop detailed computer models which are capable
of accurately simulatng real PV system components accurately. The performance of
the PV array model, the DC motor model and the hydraulic system madel has been
validated by a comparison with experimental data. The results of the simulation of the
direct-coupled system's daily flow is within 2.5% of the real system. The maximum
power point racker madel has been found to overssimare, by 9.7%, the parformance
ol the compared PV systemn because of ity ideally modelled behavior.

The developed models built 2 framework of the hasic companents of stand-alone
PV systemns including battery storage, The madels are capable of simulating the
perflormance over the entire operating range of the system including motor and pump

starting conditions.
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The modularity of TRNSYS facilitates parametric studies casily so that the
parformance of the individual components and their effects on the entire system can be

examined in detail.

The PV Systems

Direct-coupled systems can be used lor applications where the need for energy coincide
with the daily appearance of solar energy. The studied motor-fan and motor-pump
combinations showed that the separalely exeited motor is maore campatible o the PV
array than the series motor.

Maximum power tracking can lead to significant performance enhancements for
direct-coupled systems, where the mismatch between load and PY array I-V curves is
large. TFor well matched systems the effectiveness of a maximum power racker is low
or might even decrease the performance due to its nan ideal behavior,

M battery acts like a voltage regulator when it is continuously conneeted ta the
swstem bus and can be used w operate the PV armay clese to the Toci of maximum power
points, Since the battery voltage varies litle with state of charge and battery current.
myximum power point tracking may not be very effective. The more saphisticated
shunt tvpe charge controller yields a better performance of the PV sysiem than (he

simple series type charge controller,



7.2 RECOMMENDATIONS

As mentioned above, the basic models of PV stand alone systemis have heen developed.
TRNSYS facilitates the implemenrtation of user written components, Thug uscrs can
expand the developed models o any load madel ar other components, respectng the
rules described in the previous Chapters.

Further wark would include the development of PV system components modeling
AC applications such as the operation with the ulility grid, developing DC-AC
comverters, or other AC load components.

The temperature elfect on battery performance was not considered. Including the
temperature effect will improve the accuracy of battery modeling and should be subject
of future ragearch,

The ideal behavior of the MPFT model conld be improved by adjusting the MPPT
efficiency with the input-to-output voltage ratio of the MPPT instead of assuming &
conslant elicicney,

The array configuration, i.e. the modules wired in series and in parallel, 1s fixed
throughout the simulation. The possibility of changing the configuration during a
simulation may improve the PV svstem performance. The array series-parallel
configuration could be adjusted in a way so that the locus of the maximum power point
matches with the I-V curve of the load. This would also improve the control strategy of
the series type charge controller. Trickle charge of the battery would be possible by

patrtially shedding the array instead of disconnecting the entire array from the battery.



Appendix A

COMPONENTS

PV Array

L e b

SLUBROUTINE TYPES2TIME XN OUT T,OTET PAR INED)

C Version from: 11/16/80
E3$*k***!$*$*$*k*$*¥$$*$$***&***333*¥$$*$$*******$*H$B$$*$*$**¥
' Thiz subrouline represenis a four paramater model of

L
C
[
L
L
c
c
C
C
38
L
C
C
C
C
i

a Photovelizic array. It I8 capable to pradict the

complete currant-voliaas characieristic over the entire
aperating valtage rangs of a flat-plata, non-sapconcen-
tratest collactor, Whils a zeries resistancs is taken

inte account, a shont resistance 15 assurmed o be mbnat:
and thus negleeted in the model.

A rouline is implemented which determines the waliags and
cutrent atrnaximom power point

The eperating enrrent Is found for a given valage,
irradiance and ambient temperatore as Lopot.

An option Is provided to eveloels the series resislanoe wilh
the Iisecion methed, il not given as input,

T vversome convergence proklams which appear when simul-
aling direct coupled syatemes, a hisection methad tvpe of
convergance promatiom is included. Tt is rumed off, if
gk FLACT 38 equal zero.

b L R SRR LA 2 E R E R 22 LR LR L T

Crrer Definition of (he varigbles:
Ceekd TRNEYE specific varnables:

o B g i o o g 8 g R 0 T

HIN == impul array

CUT — output array

PAR == prrameters

TIME == sunululion lime

T.DTDT == nol uzed in Lhis component

58 = FLOTEED &TAV

METORE == dimension of' §

TAV — pointer within §

ISTORE = index

IMFO == arruy o use TRENSYS intzrnal information

CHetd connponenl spevilic variables:
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A == romplelion [heuor

AREA — collzeior area [mhd]

CURRENT == function called curmment

DUMMY == avxiliary variatle for convergence promotion

EFFREF = relerence max. power ellicicnoy

EG == bandgap energy [2Y]

FH == fill factor

FIRST == auxiliary variahle; allows that at firsr timastep
with solar radiation, WV = VMPE, odwrwise Gie Tst
guess for Y 15 Y [rom e previous Umestep

FLAG == gwitch: if TLAG-1 then comvatgence promotion is on

if FLAG=0 then convergence promation is ofF

OAM == curve fit facior

[ == current [aryps]

IL == light curment [A)

ILE == relerenee light current [4]

[M]* == current ar max. powear [A]

IMR —— reference current at max, power [A]

£} == reverse samration current [A]

IOR == diw al reference [A]

13T == shorl curewil curment [A]

I5CH == dita at reference [ A

MEMO == memerizer if convergence promotion is cn or off

MISC = temperamee coefficiant: short eliroull curment [ASE]

MVOC == temperature cocllicient: open circail vollage [V/E]

N == peinler wo & relative address in pragram

NI == mamber of madnles in parallel

Ma —= number of modulas o saries

P == pawer [ W]

PRMAX —— power [W)

Q_B¥ == electron charge/Boltrmann constant [CFEA]

TA = ambient tamper ature [Kelvin (K]

TANOCT == wmbient emperahere gt NCGCT [K]

TAU_AL == trunsmillanez-absorplance product

T == ]l wemperaturs K]

TR — reference cell temperamrs [ K|

TCENMOCT = call ternperotue ot NOCT [K]

SN == irradiance [Win2]

SUNE == reference madivnee [Wim"2)

SUMMOCT == irradianee &t NOCT [K]

W == volluge [volis]

YWIF = max. power point voltage [V

YK — reference max. power point valtage [V]

YO == open circuil vollage [V]

UTIL == utilizatior. of the arraw: ratio of actual power to max, power

%% variables used to determing the series resistunce

L
C
[
L

ANEW ALCW ATP == A 15 tbe comelelion faclor, the indayas

stands for the Limits: lower and upper, and for the current walue: pew
FHEW FLOW FUD = objective functions; at the interval

limim and at the corrent value
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2 GAMNEW. GAMLOW.GAMUP == curve fit factorn: at the interval
c limils wrad al the curzent volee
o IOMNEW, IOLOW, IOUP —= saturation correnc ac tha interval

Timite and 21 he onrreat value
ES RESNEW . RALOW RSP == series resistance: at the intenca’
hmils med 2l e curment valoe

£330

CFF=% yariablas vsed in operating current calculation
1 F == objectiva function for Mawton's mathind

C FPRIME == [ust derivative ol B

L IOLDINEW = iwration variszles

CFF*= yrariahles nsed in maximom poser evaluation
. Fl == ohjestive function

Z  F1P == first derivative of F1

C IVMEOIMEMN == tertion variables

CH R R E e e P PR R L LR DR PR EE R E R I AR R R LA RS E R AR E T RS
CHmsd loglaration of e varisbles:
IMTLICTT MONE
REAL XINOUT,PARTIME T, ITDT.S
REALTCURRENT. V. IOIOR,TA,
&  AQ BEOGAMILISC TC VOO ME NP,
& IBCRVOCR TR SUNE, VMEBEIMR MISCEG,
& LR SUNSERCELL TCNOCT, TANCUET, SUNNOCT,
d AREATAU_ALFEFFREFINEYME P IPMAK MY,
e UTILYMLYMAYOLILFRE
REAL ANDTW, ALCW, ATP FNEW, FLOW FUPGAMNEW G AMLOW GAMUP,
& TONEWIDLOW.TOUR ES RSNEW RSLOW REUP
REAL TCLIDLINEW F FPEIME
EEAL IMXC TMEN F1L,FIP
INTEGER INFO.FLAGDUMMY ISTORE NSTCRE IAV, MEMON FIRST
DIMENSICON XINi4), OUTIL0, PARE), INFOO10)
C******"“* LELE LR EE L Lt Pl P 2 2l P 3 P e T2 S P e
COMMON /STORE METORLL LAY SC30M
(CFEER g it used to store valuzs from previous tinestep
COMMON AARRAYY GAM TC,Q_BZIL IO RS IMP
CFEEE prraye 13 wzed Lo transfor dsta o function ‘current
COMMON FPARAM/ SERCELL, TCR IM I, WA, ISCIR, VOCR MY OD MISC, G
CEHER perame g uged o wanater data 1o subroutin: series’
e L T e P TR TR R TR SR LR T TR R TR TR R T T S o SR e e p e g e
CHEE® Sef mpuly
SUN=XIN(1}3.6
TA=XKINIZ)
W=XIMN(3)
FLAG=XIN(A)

s R S e

CHed® Iy his seviion & vouple of checks on the inpgure are performed. This i3 done at CF#+* (e sevond and



fellowing calls in timestep
IR INFCO(T .G T.OTHEN
DU Y=INT(S(ISTORE £3})
MEMO-TNT{S{ISTORE+))
NoIN TS S TORE+SY)

Cewks gl exlenladong are heing scipped during tme periods with no insolation

[F{SLM.ECLOTHEN
V=),
I=0.
ChdiE inmp to the output section of the program
GO 1000
ELSE
CEEex  pheek on operation mode

TRFLAG.EQ.0THEN
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CEEFE popvergenes promoelion is off i vollage is negative in system with batlery ©F%FF glorage, cell i3

dhizconnected, i.e. oulput iz Zero current
IFCY LAY T S
Wk
I=(}
ELSE
BR nornal uperaion
fikarE check il voltage greater than open cizouit volizge
WOC=0TTTE)
TEOY G OO THEN
L
1L
ELSE
=CURRENTV
ENLIF
EXTIF
Jurpge tor the outpul scelion of the program
GOTO 1000
LELSE

(bt

(ZekF¥ this part is just ivveked O systean wilh ballery s operated and the batlery O%#%% has (o be

disconnacted temporarily o protect the ballery rom overcharging or C#=%%  deap discharge. That means tha
syslem 15 changed o a direct coupled sysmem. C¥##% Since this can happen afrer & few iterations ronning the
hatery sysremn, the C¥F9¥% comvergence promoter, Le. De punizer of llerntion involved in the elgorithm

(#%%% hag to be addressed reletively wsing

IFMEMO.EQ.0)THEN
N=INFO(T)
MEMO=1

=WhI

=181
XY THMH]

EMINF

ENDTFE
ENOIF
EMNDIF

CHeE il esll in o simelation



IF N PO RO THEM

INFO{6=10
INFO(0=0
CEsl ginraze allocation: values froon previous iteration aze stored in the S-amay
CHexx JIISTORE} WL A vabage from presious ileration
CHdrs SISTOEEAL) - VMI is lower valtage limit of convergence intapral
CEeee HTSTORE 12 -- VIMA 15 upper linit on interval
CFaEsk SISTORE2) -- DUMMY
CEwre BUSTORE4T) - MEMD
CFFek SOSTORE+SF) --N
INFC(100=6
CALLTYPECKDT INTOA 1800
ISTORESINFO(LC)
SISTORE)=0.
S[ISTORE+ L3=0.
S{ISTORE+-0.

SUISTORE+S) AL
SUISTOIR et 30,
SSTORESS=0,
0 BE=11004.45

OFrkE Gl pﬂ.fu.m:turh' =gk ddd ok nddkkdknkkkak

ISCR=PAR(L)

W

QCR=TAR(L)

TCE=PAKR(E)
SUMR-PAR{M

'\rf

MR-PARES)

IMHE=PAR(E)
MISC-PART)
MYOQO=PARH)
SERCELL=PAR
ME=PAR(IM
NP=PAR(I1}
TCNOCT-TFPAR12)
TANDCT=PPAR(TS)

i

UNNOCT=PAR(I4)

ARBA=PAR(S)

E;
3

ALT_AT =P AR(I)
G=PARILT

RS=PAR(18)

IF (RS LT.NTHEN
CEEER p thiz case RE is not providad as p paraneter and
CEwEe hag o be evalnated. This is done in subroutine “series”

CALL SERIFS(RS.O BA

ENDIE

CedEd peslustion of e 3 ankrowss at refarence condilion
GAM=0)_BZ*S(VMR-VOCR+IMRREWTCR=LOG L -IME/ISCRY
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ILE-TSCR

IOR=1LEEX PO _BRFVOCRAGAMYTURD
{wEke gl up paramelers for e eniire amay
ILE=NI*ILE
MR =MP*I0R
GAM=MNEHGAM
B3=NSMNP*RS

A-GAMANS=REROELL)

MEMO=0

FIRET=0

GOTO 1000
[
CF#** first call in Hmesten

BLAE IF {(INFCTLEQLO THEN
VOLD=S{I3TORE]

CHerr ergluation of cell tmperature o MOCT conditions

EFFREF=IMR VMR SUNREFAREA)

TC=TA 1{SUN=TCNOCT-TANCCT VS UNNOCT( ] -EFFREE/TATU__ALY)
CFrrE b parl caleulstes bow IL and IO very with wemp. and SUW
TL=(3UMN/SUNRM™ILR+MISCHNP=TC-TCRY)

TFCTLLTALERY 10.—A00)

[CG=I0R*[(TC/TCEW=IFEXPC BE¥EGTANA((L/TCR)-(1/TCH
C=#%%  Open circnit voltaga
VOC=GANMATCD BEYLOGILIO )
CovEE Short circanir curzent
L5C=IL

e

Mois prd caleuluies the max-power curren: & vollage using NEWTON'2
CH*HHI

mithod to selve for the max-power volige and max-power clirrent
TWVEXO=0.0

(% firet guoss for max, power peint corrent

M M=STTM S EANPH DV EAMISCHTC-TCR))
D0 WHILE (AR STMVEN-IMXCoGT.0.001)
IV
F1=IMXO-H{IMHEOIL-IOP LOGH L MXCOHO IO MXO#0_R/#RE/
> (GAMPTON HIL-IMXDHO(0 RA*RSAGAMETO
FIP-2.HLOGH L-IMXO+ W) (Q_RZF RS IMKOAGAMYTCNY
s ((LHILAMXO-I0Y(Q BZARSIGAMFTCIH*2 )
IMEMN=IMEO-(F1/T 1M
EMD
IWP=IMXN
VMP=1OG (L IMPYVIOTC=GAM/Q BZ)-IMP*RS
[F(VOC.GT O ANDTEC.GT.O)N THEN
CHere BT uelor
FE=VMI*IMP/VOCISC
ELSE

145



Fl=l),
ENTIF
(s g)] pdloulations are oeing seipped derng Ume periods
CHE=EE awith no insolation
TR(SUN EQ.OTHEN
W=,
I=0.
LLSE
CE=%%  check on aperstion mods
IEFLAGEQ.NMTHEM
CERs cunvergenes prometion s off
AN i viltage 15 negalve in svslem wilh batlery slotuge,
i cell is dizcommected, f.e. oniput is 7ero corrent
1RV LT ALY THEM
W
f=il
FLER
S bk nermzl operation
{ThEEh cliesck if voltnge greater han open clreult vollage
BV OT. VO THEN
W=VOC
I=0.
ELSL
I=CURRERT(V)
EMNDIE
EMLIE

ELSE
CFFFF pconvergenes promelion 18 on, Lo, direet coupled moede
MEMO=1
N=INF{T)
TFFIRAT EQUNTHEN
(iR ar the firal fimoestep of the simuelation at which solar radisticn eccnrs, the first C7F8F gpess on V
#F MEX, pOWer paint
V:\-'}IP
I=IMP
FIRST=1
LLER
CHRRE the fist guess [oe cach Umeslep on Y i the vellage st operating poine from the O%4%* previous
tirnestep
Y=V{LD
I=CUHRRENTI
ENDIE
ENDOIF
EMDIF
PALAN=TMPH VM
DURMY -1
CIOXTTY T}

[ 4 e R

CHeed zecond call m dmeslep, lrst ilerztive call
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ELSETF INFOUTLEQ.2+1)) THEN

C=##¥%  here begins the comvergenae promartion alporithm
Cr#et phe first goess was fhe veltages from the previcos
CedEs pmesiep, The voltages Sor the neat bwo iteralions
Cewms gpe racked hefore the prometer intervenes. Until
Cr##%  then a protection prevents the vollage lo jump
CeEr pur of bounds, Le if the npat voltage is

CuwEd gresier than open cizeuit voliage it is set cqual
Cedsd 4o g The converzence procnotiom alporithic is
C###%  hasically the same as the bisection methad, jt
CHeEr entg an interval in balf vnddl a sufficient wolerince
R g oblaincd.

WOLD=S{INTORE)Y
VOC=OUTLR)
IF(V.GT.VOLDGTHEM
TF(Y . GT.VOCITHEN
DUMMY=4
VMI-VOLD
WA
V=(WMI+VIMANZ.
ELSE
DIMY =1
VMI=VOLD
ENDIF
ELZE
DUMMY=2
VMA=VOLD
EMLAIK
[-CLRRENTV
GOTO 1000
CE=*E thind coll i treslep
ELSETF(INFO(7)LEQ N+ INTHEN
VOLD=3{ISTORE)
VOC=0UTE)
IE UMY EQLTNTTIEN
IRV T VOLLYTHES
DM Y -
ELEE
VMA=VOLD
THV.GT.VMOTHEN
VM=V
ENLIF
V=VMI+ VA2
ENIIF
ELSEIF(DUMMY EOATHEN
TRV .GT.VOLDTHEN
VME=VOLD




TRV GT.VIX)THEN
VMA=VOC
ELSE
VMA=V
ENIIF
V={VMI+VMANZ.
ELSE
VMA=VOLD
TR(V.GT.VMITHEN
VMI=V
EMDIF
V={VMI+VMAY2
ENDIF
ELSE
IRV CT.VOLDYTHEN
VMI=VOLD
IRV 1 T.VMAJTHEN
VMA=Y
ENDIF
V=(VML VMA)L,
ELSE
DUMMY=3
EMDIF
ENDIE
I=CLURRENT(V)
GO0 1000
et e i e s R

CHF#%2 [ourth aned following calls in timestep

ELEE

IEDUMMY NEATHEN

VMI=S(ISTCORE | 1)
VMA=SISTORELD
VOLD=5{15TORE)
VOC-OUTE)

WY .GT VOLINTHEN
YMI=YOLD
IRV LT VMATHEY
VMA=Y
ENDIF
ELSE
VMA=VOLD
IF{V.GT VMITHEN
VM=
ENDIF
EMLIH
V{VMI-VMAL.
ENDIF

CEEr®  gp hiy easc ieration iz done with TRNSYS

ENDIF
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[=CURRENT(Y)
1000 COMTINUE
P=I#%
CH#F¥2 pndating and staring voltage valves for the
CHEEY copvergence promoter
CFEEE eallape §soonly stored al limesleps with neiklent Tadialion
[FSUNSNELDITHEN
WLILD=Y
NI
SISTORE=VOLD
SISTORE )=V
SOSTORE+IE=VMA
SISTORE+3=DUNMMY
SISTORE+H=MEMO
SISTORE+S)=-M

C#=%¢ EET (WMITPLTSR #4tteddrtbb=fkotbhsbbobbrrbEsrtrr s
OUT =Y
OUT(Z)=I
OUT(2)=P
OUT{4)=PMAX
TF(PMAX.NE.G)THEN
UTTL-IYIMWAX
ELSE
LITTE =10,
ENDIF
OUT5)=1TIL
QUT(E=VMP
QUT(T)=IMP
OUT{E=VOC
CUT(E=ISC
OUT(10)=FF
END

CFFFrF e bbb hrdndn kb o de o e o S0 il ol M M e B e R R R R R S

FLWNCTION CURREENTIV)
C#ed¥ fanction compites the current for & given vollage
C#=%% tha implicit equation is sulved vsing Newlon's
CHe¥#® method
DMPLICIT MONE
COMMON ARRAY! CAMTC,O RAILIORSIMP
REEALIOLDINEW EFPRIMOIMP.LCUREENT.V
REAL GAM IO RAILIORS

ILD=0.10
CHEYE firsr puess I mad.power point cuerent
INEW=IMP
L WHILE (ABS(INEW-IOLINGT 1E-3)
TOLD-IWNEW
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F=ILAOLD IO EXPIQ_BZH(VHIOLDFRS WGAMETCN-1)
FPRIME--1.-IC*RS*Q_BZ/GAMTCEXT(Q_BZ*V+IOLD*RS)
- GAMSTC)
INTW =TT PRI T
ENDI DO
I=INEW
CURRENT=I
END

[ e b b b b b e e Lt L

SURRCHITINE SERIES(RS . B2y
CFEFFF Qelerminution of serics resislunes wsing bisection method

DMPLICIT HNONE
COMMUN JPARANMS SERRCELL PCR, IV MILISCR, Y OCR, MY OC BRI SC G

REAL SERCELL TCRIME VME ISCR VOCRMVOC MISCEGQ BZ
REAL ANEW ALOW AUP FNEW FLCW FUP, GAMNEW GANMLOW GAMLUP
REAL TONEW IOLOW IOUPR RS ESNEW RSLOW REUP

C#*F® pyrumelers al the upper limit of the convergence interval
ESUP={(3ERCELL*TCR*LOG . -IMR/SCHE ) B+ VODCR-VMEYIMIE
ALTP=1.

GAMUP=5ERCELL
IOUP=ISCEEXI-0) By EVDCRNGAMUPFTCRY)

(CHER parameters at the lower limit of the convergence nterval
RELOW=0.0
GAMLOW=0 BZHVME-VOCRWTCR*LOG(1.-IMR/ISCR )
ALOW=GAMLOW/SERCELL
TOLOWS=ISCR*EXP-Q_BE*VOURUAMLUOWEICRY)

DO WHILE ((AS{RSLP-RSLOW)Y) GT.0.0008)
ESNEW=) 3 RALIP+RSLOVW)
GAMNEW=0 BEHVME-VOIR  IMR*RSNEW)(TCR*LOG(1.-IMEISCR))
ANEW=CAMNEW/SERCELL
IONEW=ISCR*EXT(-Q_BZ*VOURAGAMMEW*TCR))
FUP=-MVOCHGAMUP_ R LOGL +1SCRICUPHTCEATSCR+

> IOURN*MISC ISCR¥(Q BEFEQK AUPFTCRATCRATCRI
FLOWY = MVOC-EAMLOWQ B2 (LOG L ISCRICLOW I+ TCRATSC R+

= IOLCW s MISCISCR*((Q_BZ EG ALCWITCEYTCE N5/ TR
FNEW=-MVOC (GAMNEWQ_BZyH (LG 1 ~ISCRADNE W PR ISR+

= IONEWNHMISC-ISCRA(Q_BZ EC/ANEWSTCR*TCR))+3 TCR
IFGELOWSFREWLLTO.0) RELP=RENEW
TFHFLOWSFNEW)LT.ON RELOW=RENEW
GAMUDP-Q_HA* W MR-YOCR+IMRFRETUPWTCRYLOG( -IME/ISCRY
AUP-GAMUPSERCELL
I TP=ISCRYEXDP(AC BE-VOCRAGAMUD*TCRY
GAMLOW=0 BZ2*(VMR-VOCR+IMR*RSLOWYTCR*LOGHL, IMEISCRE D
ALCW=GANMLOWSERCELL
IOLCW=ISCR*EXP-0)_REFVOCRNGAMLOW=TCRY)

END1X)
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Maximum Power Point Tracker
C#**k*#tﬂ******h*it*******#***¥¢$************H*“*HBﬁ*ﬂmmmmﬂmﬂ““*

SUBROUTINE TYPESSTIMEXIN OUT, T.DTDT PAS INEY
© wversion fom: UL/12/59
C*u*wa***t***u*m*m**#*H*utﬁ*m*&mm*mmm«mM*uiuiﬁ*h****ﬂ***ﬂ**?&***
CF¥EE Bubroniline Tepregents 4 maximom power racking davice

[ g
{CFF¥F foroa PY power svatem
CHEre the moxivum power trecker developed in this component is
Ok hugieally a D0 - DT converter, The gosl s do fnd the
Cwead aniimal conversion ratic o match the converted mex.power
CH#ks yaltage to the Inad voltage. A comvergence promotet aguras
[#F*¥ pomvergence an accelerates the iterative procass for
BT r

CHEe divect coupled systems: Mode = |, Convergence promotion is
CrER= bme on the ealpel variable Toad.

CHEnd The converpence promoter 18 hasically a hisectiom methad
OksrFeFedkdbdFaFiFrbhddbFofadadddbddsbdbhdabdbodadadafdbdkdadadaidsd

C#=%% warighlas;
ICELL -- curecant frogee PV array [anps]
[LOAD - currenl b lead [amps)
VLOAD - [ogd valtape [V
BEATICY - ratio of cell volge to matar voltags
or ratio of eall current T matar St
X - variable to store cusreat value fog
gonvergese promoter method
HNEW - pew vulue »> convergenes promoter
KPOS -- Iimil > convergenee promelsr
FNEG - it 50 conversenos promuler
DUMMY - variable wsed gy g contrel lunclion o obiain
walues fzum the bwo previous timesleps
EFF -- ellwieney of maximum power tracker
MODE - deermines onerading mode sither direct cotpled
OT not
G -~ wariable used in the con, prometer
GLUARD  conmrol varable

(AR R RS RS RS LR L PR T R L R T R T e oy S T PR E FRT DR S S-S §

moOoOOQOaOaoOaaOno o eaan

DIPLICIT NOME
THTEGER INFCD
REALTIME, XIMN (U TITTIIT.PAR
REAL ICELLILOADVOELL VLOAD X XWNEW XPOS, XNEG EATIC
EEAL GETEMODE I MMY GUARD
DINENSHN XN, OUTEINEFOOLO PARLL
LR b b R R R R 2 E R R R E e o L o e e e T
TNFCxE=7
INFC(=0
CALL TYPECK(LINT4,1.00

CHndE Sar inputs



ICELL=XTM{1}
VOELL=NIN(Z)
VLDAD=XTMNE)
MODE=ATN

C=err Inilial call of componert
IFINFO(TL.LT.O)TEEN
Cresm OET PARAMETERS
EFP-PAR(1)

Crets Initislization of some voriobles
=0,
HPOS=0.
EMNEG=(.
BATIC-A)
DURMY =01,
GLUARD=.

o g

CERE® Nrel and following calls in tme step
CLAE
GUARD=OUTT)
IPUMMY (TN
IFVCELL BEQ.OSTHEN
et geip all calewlntions
RATIO=N,
ILOAD=,
ELZE

LS Firer call in tima srep
ITNMPOCTLED INTHEM
GLARD=MODE
CEekE
DUMMY=0,
LMD

CerdE pnend observes the moede input

C#ed% [ mode chanpes from O to 1, indicating
a awitch from batcery svstern mode 1o direct eoaplad

C*HH‘#

C*—Hllf

IFGHARDNEMODE TEEN
DEMAMY A,
GUARTI=MODE
ENDIF
IFMODE EQ.0.THEN
TF(VLOAD GT.0THEN
RATIO=VOELL/VLOAD
[LOAD=ICEL 2R ATIOYEFF
HLSE
RATIO=0,

dumeny eddzesses the convergenee promoting algerithm

svatemn mode, then convergence promoter starts over

A
Lad



TLCADSD.
ENDIF
ELEE
S el values fom previous ileralion
E=0UTH
HPOS=0LTTS)
ANEG=0UTE)

TF(WVLOADEQ.OTHEN
LB fil prercents devision by zere, see halow
VLOAD=VCELL
ENTIF

RATIO=VCELL/VLOAL
ILOADCICELL*RATIOHERE

CHe¥% here begins the convergence promotas
[FDUMMY EQ0THEM
HNEW=ILOAD
DUNMY=1.
ELZEIFDUMMY EQ.L)THEN
INEW=ILDAD
L=AMNEW-X
I GOTTTHIEN
HPOR=XMNEW
HMEG=X
ELSE
HIOS=X
HMEC-XMEW
EMINF
KNEW=[XPOS+XNEG)Y.
DUMMY=2,

ELSE

KNEW=1LIAD
G=XNEW X
TF(G.GT.0THEN
KNEG=X
ELSE
HPOS=X
ENTIF
MW [XPOS-KMNEE,
EMIDIFE
ILOAD=XNEW
N=XNEW
ENDIF
ENLIF
ENDIT:

Elreses PR S s
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Ot EET OLITFUTS
OUT{ 1=ILOAD
CUT(2=RATIO
e fallawing outpuls serve as storage
OUTE=DUMMY
OUT{H =X
OUTE)=XP0S
LTS =ENEG
OUTIH=GUARD
END

e Matars

el TR PP R P P SR RS R AT T R EE SR LR ST A AR A P PR PR T
¢ SUBROLUTINE TYPESGHTIME XN OUT. T DTOT PARINFC]
C WVersion from: 12/17/80

e s i e e L

€ This subroutine represents a model 2 for 2 separately

0 exited 130 motor {permanent magnat o any other canst,

C cuorrent field source) and a series DR motor. 1t is

C  an apelytical model based en fundwnental molor equations,
T For adizect coupled PV system MODE shoeld be sel equal o
C  one and cuzrent and speed will be the sipnificant inputs,

C  For 4 systam with hattery sworage MIO2E should ha sar eqnal
O morern, e vollage and epeed will he siprificant inputs.

C To suppart convergence hatwasn tha motor eomponent and
C any motor Toad comporent a convergence promotor is ineloded,
feLE L P LT TS TP T T e T T T T T R P P R P
faLE TP T e PR R R e e B A S R T A R E SR A T g o e e T e
Warlahles:
CETAT -- slate Fwlion [MNm]
CVISC -- viseous [zlien [MmYscc]
CHAMGE -- auxiliary variahles
[FAIL -- tr putput error messaps

=1; max, spesd i excended

=2 rated durrent Is caveedod

=3: muy, current 19 excesded
ETOL,TOL -- wlersnecs used in the convergence Sromolet
EFLAG -- vuriable to keep track of signifizant inpurs
FLAGT = determines whether bisection or secant method

1% heing conlinoad
(i - ohjectiva function
GLAST.GMEGGPOS — objective lunciions al the limits

and from e provious imeslep

I -- Current througk: moter [amps)
IMAK — max. corrent |amss]
TEAL -- ratesd exrrent [amaps]
KT - pantor constant,selates the permanent magnel Qux

oo OGO non

L

i



Lo R O O O O o e T o 2 0 S I g o 0 00

throngh the grmamre current and the em?f [Nim/amp]
MAF — mtal inductanes [henry]
MEMO - Keeps ock of U opersting mode
MODE -- detcrmines whather T or W and =eepectively Nor T
ate significant inputs
=k ¥ mnd N are siprificant
=] Tund W e sigralicun
M «= motor speed [1/520]
MMAX -—mar. speed | 1fsec|
MM -- relative addresse used in convergenee promoter
RA - motor armatire resistance [olms]
RF -- field resistance [olens]
TEM -- maotar torgue {electromagnatical) [Nm]
TLORE -- Tose mmgue
TEHAFT - shaft torgues
THPE -- determines type of DC motor
=1 separalely cacited
=2 zeriag
¥ -~ erminal voltage [volls]
HXLAST XNEGXPOS XNEW - converging vacishle - Lorgue

{:‘_'l-‘f‘f*i"f!l'l"f S E R A A i b i e Rt S R R R S R

IMPLICIT NONE

INTEGER INFO TYTE,FALL

THTEGER NETORLE LAV IS TORE

INTEGER MM MEMOFLAG

REALTTIME XIMN T T,TOT,FAR S

REAL WV INTEM REAKE PLIRAT, TLOSS TSHAFT

REAL MAF EFIMAX NMAK CSTAT.CVISC MODE

REAL PEL PMECH EFF TOL ETOL, CHANGE EFLAG

REAL GLAST.GNEG.GPOS NLAST HIENEW K105 XNEG O
DIMENSION XT(S), OUTEE), TARE, INFLOT

COMMOR STORED NSTORETAY SC50000

[ edama ek ks Fap ek r s Frdo b d bt bbb b bbbk rdrtdddthrdrtns

C#E#s% gnitial call in siolation

IFINET).LT.HTHEN

CHERF geeorgle eapression for pi

PI=ACOS(-1.)

IMFCIeI=H0
IMFCE9=0

CHeet BFT PARAMETERS

TYPE=FAR(1)
IFTYTE.ED.1THEN
CALL TYPECK(1 INFOQ.5.8.0)
ELSE
CALL TYPECK(|,INFO,5,9,0)
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E<LIF
NMAX=PAR(2)
[RAT=PAR(D)
IMAX=PAR(4)
IFTYPE.EQ.IITHEN
KI_PAR(S)
ELSE
MAF=PAR(S)
ENLIF
CSTAT-PAR(E)
CVISC=PARIT)
RA=PAR(S)
IFTYPEGT.1THEY
RF-PARE)
NIIE
INFO{103=11
IFTYPE.GT.ITHEN
CALL TYPECK(LINFQ,59.0)
ELSE
CALL TYPECK(LINFO,5,5.0)
ENDTF
[STORE=INFO(T)

CrFksninalizaton of storage values
S{ISTORERD.
S{ISTORER =0,
SESTORE+2)=0.
S{ISTORE+)=0,
S{ISTORE+=0,
SASTORE+S)=0,
SOSTORE: €)=0,
SOSTORE-T0
SIS TR E-H)- [,
AATOR L<E=1),
S(ISTORE+10=0.

TOL=0.00k1
ETOL=0.01
M=
MEMOI-A)

RS first and following calls in timestcp
ELSE
MMN=S{ISTOREE+T)
MEMC=S15TURE+
FLAG=S{IFTORESY
EELAG=R{ISTORE+10)
FAIL=0

Cr#dd wul inputs

Lh

=]



I=3IMi Ly
Y=XIN[2)
N=XIN()
TEHAFT=XIN{4)

MODE=XIN{S)

[FINFOCTLEQMTHEN
MEMO=INT{MODE)
FLAGED

NN=0
TR{MOIDILEQ.] JTHEN

EFLAG=]

ELSE
EFLAG=Y

C*s-*
c#*u*

ks

Al LL

LMENE
EMDIF

il mode changes during timesep, the convergence
promaoler iz resat to the first step
TFMEMONEINT{MORE] THEN

NM=INFC(T)

MEMO=INTMODE)

ENDIF

if significant inputs change doring tnestep, the eonvergenee
promeler iz reset to the first step
TF{(MODE EQ. 1) AND(LNEEFLAG) TIIEN

WN=INFOT

EFLaG=l

CEE kR

CH'***

Okt

(Ch=dd

FLSEIF(MODE.EQ.0.).AND (V NE.EFLAGHTHENY
NN=INFO(T)

EFLAG=V

EMDIE

charactarizstic motor equations
TLOSS=CSTATHCVISCHN
IFMODE EQ. 1y THEN
vumment and speed serve as ingt, valiage and
torgus are complted
IFTYFEEQ. I THEN
separslzly excited motor
Y==K P2l ¥PI*¥Ne[*RA
TEM=EF*I
ELZEIFTYPEEQ.ZTHEY
SETIER T
V=l*2 P M*MAF I EA+RF)
TEM=MAF*T**2
ENDIF
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FLS1
CEerd geeed and voltage sarve as inpat, torque and cumrert
Ceddd gre corppuicd.
[FTYPEEQ.ITHEN
R IEEEE feparataly axcitad motor
I=(WV-KF=2 #*PI*N)EA
TEM=KF*I
ELSEIRTYTEEQ.2THEN
werigs molnT
1=V 24 PIr N MAP-EA+RE)
TEM=hIAF#]#*2
ENIIF
EMDIF
TEHART=TEM-TT {55
CH¥*r check on TSHAFT
IFTSHAFT.LT.0.THEN
TEHAFT=(.
BN
CEERF Convergence promotion on wogue
H=S(I8TORE)
GPOS=S{I3TORE+L)
HPOS=5(I8TORE+2)
G DG SIS TR ET)
AMEG=5{ISTOEEH)
GLAST=S(ISTORE+5)
HLAST=3(ISTORE 16)

k=

TFINFOCD EQNINTHEN
sucoeEsive aubstimticn
HIWEW=TsHAFT

BLALA)
ELARITINTCT B NN4 LLCRANFON.EQ NN +21 THEN
s succassive substitulicn
HNEW=TSHAFT
O=AMNEW-X
IFiGGTONTHEN
GRO5=G
HPOS=3
ELEE
ONBECG=G
ENEBEG=X
ENDIN
FI5E
KNEW=TEHAFT
GaXNEW-X

C&*H*

CEmEE Convergence check

TRCABS(G)YITOLTHEN
IF(ABS(ABSIG-ABS(GNEG)) LT ETDLLOR {ARS(ARS ()



o

-
C*H*ﬁ

CekEE

C****

(o

{:‘-‘k&*’s

-ABS{GPOS) LT ETOL).OR. (FLAG.EQ 1)) THEN

use bizeclion method
TFGGTANTHEN
HPOIS=X
ELSE
HMEG-X
EMIF

FMNEW=KPOS 1 EMEG),
FLAG=1
ELSE
wee gacant method vnless residuals incresse
EINFOUEQNN (A THEN
e most reazenable provious gucsscs s uscd
IR GOTONEG L ANDG.UT.GROSNTHEN
=GRS
X=XPOS
GLAST=GNES
RLAST=XINES
EL:ZE
[FiG LT.00THEN
IFABSIONOTABSICWEGY TTHIEN
GLAS [=0MES
KLART=XMNEG
EMINE
ELSE
IFAR S OT GEFOSYTHEN
GLAST=GPOS
HLAST=XPOS
ENDIF
EMNDIF
EMNIHF
ELSE
IMGOT.GLAST THEN
swirch to bisection metlwd
XNEW=XD0S  3NEG,
FLAG=1
ENDIF
EMLME
CHANGE=GH 3 XLASTWG-OLAST)
KNEW=X CHANGE

TR EMNEW ST XN NEGL R GOTES LT X BO8 T T HEN

gwilch o bisection
ENEW (XPOS+XNTUTYE.

FLAGT
LMEIE

EXNDIF

TEHAFT=XNEW

ELSE
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R splution iz found
TSHAFT=X
EMDIF
ENDIF

XLAST=X
GLAST-0
X=XNEW
S{ISTORERX
S{ISTORE+1}=GP0S
SISTORE-2)= XPOS
S(ISTORE+3)=0NEG
$(ISTORE+4=1VEG
S(ISTORE+5)=GLAST
SOSTORE+)=XLAST
SASTORG+TI=NN
SUSTORE+8)=MEMO
S{ISTORE9)=FLAG
SASTORE-10)=EFLAG
EMDIF

FN.GT.NMAXTHEN
FAIL=1
ENTIF
IFLGTIRATITHEN
FLGTIMAXTHEN
FATL=3
OLSE
FAIL=2
ENTIF
ENDIF

PEL=*V
PMECH=2.*PI*N*TSHAFT
TF(PEL.NE.DLTHEN
EFF=PMECH/PEL
El SE
EFF-I.
ENDIF

Ok ST OUTPUTS
QUT(1e=L
DUTE =
OUT =M
OUTd=TSHAFT
OUT{3=IEL.
OUT(a)=FMECH
CUTiT=EFF
QT E=Fall,



Centrifugal Fan
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SUBROUTINE TYPESTTIVE XIM, QLT T, L¥T1IT, PAR, [N

C Version [rom: 12/13/89

S

C*#<%* This Type represents a Vendlater type load, which is
C designed o run with an elearic motor.
ClEknde ik ek kb m bk ke m ootk ok oo ool ok o ool W ek R S S b
O Momenclatre;
CHadd TRNSYS specific variablas:
C  HIN = inpur array
T OUT = outpur array
T PAR == parametars
C  TIME == simulation tire
C TIOTDT ==not used in thiz compemant
C 8§ == slorape array
T  NSTORE == dimensjon of §
C [AY —= poinfer within
0 13TCRE == dex
C  INFO - array to usa TRMNSYS internul information
Cowms 7] C2.C5 - constants
C  CININTER -- counling the number of {eretions
C  CHANGE — guxilary variable
' EPS - crror tolerance for newon fterstion
T FAIL -- message if aperating conditicns afe out of range
{1 = evarything is okay g
L=k speed 15 cxoeeded
72 = MNewlon iteration did not converze within specilicd oleranca
FN -- ohjective function for Newton iteralion
FIRIMEN -- first derivalive of Lz abjective fimetion
MAXIT - (he Limit on the rmmber of iterations to find the speed
MODE -- derermines whether torque ur speed is significans
1 = lerque 15 significanl
:2 = zpred s significant
N --Speed
MWINIT -- indtial value of a speed for the iterative process
te fingd the motor speed for 4 given torque
NMAX -- maxinmm permitted speed
C  NOLD - speed from previous iwrstion
P -- Fanpower [waris]

i
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C Pl-p

¢ TL—Torges

CEwn i bk ok bk ok ok A A R R R R SRR R ok n e e kB
IMPLICTT NONE

INTEGER [ST0ORE NSTOREIAY

16



INTREGER TNFOLOOTUNTER MAXTT,FANL
REAL TIME XM OUT, T DTOT. FARS
REAL TL MN.NINIT,C1,C2,C3.FN FRRIMEN XNEW, CHANGE
REAL NMAX EPS, FILNCGLILE
DIMENSTON XIN(TY, OUTE), PARE), INFOXTD)
|:'-k L S T e e R S e S P E R

COMMOMN JSSTORE! NSTORE LAV 55000

Cw=Ee Initial call in simulation
IF (INFONT)LL T .00 THEN

INFCNG=4
INFO9-0

CH¥e% egrorape allocation: spead from previons iteration
CHFde 32 stored o the S-acoy
CHeed LASTORE) -- NOLD

INFO(10=1

CALL TYTECK(LINEFQ, 14,0

ISTORE=IMNEFTI1)

CHF¥%* zot paramsters
Cl=PAR{L}
C2=I'AR(2)
O3
NMAX=PAR()

MINIT=0.00 ¥ M A%

NOLD=NINIT
MANTT=30

EFS=0.0001

CHEsl aeenrate expression Tor pi
PI=AC0S( 1.0

CEEeF first and [ellowing cells in Gmeskep
ELSE
FAIL=0
[EHEE gnl inputs
TL=XIN(1}

IHIL.LT.CU THEN
M=(h
ELSE

CHesr Ttemation wiing Mewlon's method to £nd spead
COURNTER=D
MIMNIT=5{T5TTHLY)
MWMIW=NINIT
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100 CONTINLE
FN=CL1C2*{(2 * PN+ +C30-TL
FPEIMEM=2#FT*C3*C2%((2 *PI*N*(C3-1.0
CHAMNGE--FNAPRIMEN
IF {ABSICHANGEGE.EPS) TIHEN
NNEW=N1CTHANGE
IF(COUNTER GEMAXIT) THEN
IFAlL=2
ELSE
N=MNEW
COUNTER=COUNTERA+L
GO 100
EMNDIF
ELSE
MN=NMEW
ENDIF
ENTIF
ENLIF

b Control on speed, spead can't be negotive
TF (W.LT.0) THEN
M=0.
ELSE
CEEEE conirol on mex.speed
[FNGTNMAXITHEN
Fall=]
EMNDIF
EMLIF

TE{M.NEQNTTIEN
NOLD=N
ENDIF

SISTORE=NULD
P=24PT"™TL

CHrRE gar outpuls
OUT( =M
OUT(2=TL,
OUT3=0
CUT=FAIL
LML

Centrifugz]l Pomp

[CrErkihii ek e e e ek e Sk kR ek F e o Fobr bbb b rh b ndakndddnn

SUBROUTINETY PESETTIME XIN, OUT. T.DTDT. PAR TNFO



o Version [rem: 12/14/59

o R S L T oLt L U G

CH##% This Type rapresents a centrifugs] pomp, which is designed
e nug with an electrieo inoo:,
Thz mods] requires two sctz of data; hoad-flowraie data at
reference speed and sfficiency-flowrare daca at reference
speed. A linear regression Is performed to fit a curve
through those date, The normal equations are solved wsing
Gaussimn climination with paridal pivoung, Newions method
is implemented o solve a gysiem of nomlinear equations,
CEdsrsdf e e ek Fyppp R p e Fa koo ryrpkk bR w e Fapakarkagn
CHeEE Variahles:
TL -- Torgue [Mm]
M - Speed [1/5]
{3 - Volomatric flowrate fmdfs]
H --total dynamic head [in]
ETA - pump el fvicriey
TOFF,QOFF, MOFF ETAQFF -- TGN ETA al shuwil conditicn
TEREQ -- requered lorgue wo provide Do
MNREF -- Reference speed
MIMIT -- ininial speed for Newbon's mefod

7 0 e St B g e |

MR AX — maximum spaad of pomp
QINIT - initial flonwrate for Newtan's method
CGNOM - nominal desizn flowrate [m3hour]
MAKIT — maximuvm rioeber of iterations to find the
speed and Oowrale i Wewlon's melhed
COUNTER -- counting the number of icralivns
PCFF -- Shallpower ul shuloll condition at relorence speed POFF is inpul as
paraneter, If no information s evailuble, Poll should be sel cqeel some negative
b
ET'S -- grror tolerance in Newton's method
AT-H1 -- coafficients for the H={({},N} ad TTA=FTLN) relations
H1-58 -- defined constants in the equations
BRI MG - density, tha, times acceleration const, 2
COMAT -- speeific weight of wetar{tho¥e) devidad by two s i
2 - twa dimensional wray contuins N oand  -- old valucs
Hil=M H2=03}
ANEW -- sume 1s X, bul containing new values
F -- lwo dimensional srray containg values of the ohjectiv limetion
J o= Jaeobian matrix (2%32) containg the derivatives
JINY -- inverse Jacobian matrix
13ET -- determinant of e Tacubian malrix
LCOP - control vanable
PHYT — weuler power
PMECH -- mechanical {inpot) powar
FAIL -- crror messape
() - everything is oloy
;1 maximem porp speed i3 eavoeded
2 - reswion method could not find proper solution
:3 - newion method did not converge witkin specifisd aumber of ftecations
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[ - chasen puamp i to small oo mateh systam,ie, soeed required Lo provids

< feovw is greater than mazinmm pamp specd
{:'au*u*u*u*ﬂ*ﬁ*s*sﬂ:**s*s*s* LE R EEEE LS LR LEREREEEEEEE Rt et

IMPLICIT MONE
INTEGER INFOLCOUNTER MAXIT LDOP FATL
INTEGER METOREIAVISTORE
REAL TIME XN OUT T.DTDT.FAR.S
REAL TLNQHETAEPS EHOG FHY D PMECH, ONOM HOEF
BLAL NODEOQOFE ETADFE NEER.MOFF, TOFF TREQ
REAL X2, XNTW2I(2, 2, I8N V2,20, F(2)
REAL 51.52,53.54,55,50,57.58
EEAL ALEBICLELFLGLHLFLCOMNST
BEAL DETDELTALDELTAZ NINITINIT MMA
[HAENSION XIMNGTY, DL IR, PARDE), INFOOO)

COMMON (STORE! METORE LAV, S(3000;
COMMON (COEE/ 51,52,52,54,55,56,57.58, CONST

i i e -

s Firgt call of component
1 UM EE3TL LT TH N
INFO6)=R
INFO9 =0

C##dv  glorgee gllocalion: speed and Dowrste from previooy
s jperation are stored in the S-zrray
CdsF BUISTOIREY - NOLLY
CFFF SASTOREH) - OO INFO1D=2
CALL TYPECK(IINFO,1,6,0
ISTORE=INFO 10
EFS=].-4
MAXKTT=100
CFF=% Hat parameters
CFF=%  Byetem cunve
S3=PAR{L
E4=FAR{Z)
NEEF=EFAR(3)
NMAXK=PAR)
FOFF=FAR(S)
CHOM=PARG)
CEE=d CoelTeienls [or the cguelions
CFE¥EE Pump characteristics (obained from regzession)
CALL HEADPOLYMOMIAL (AT.H1)
CHew Erficiency characierislics
CALL EFFROMYNOMIALEL F1G1HL

CHex® Const=specifle weight of water(tho*g) divided by 2%
PI=ACGS-1.)
RHOG=081%.8
COMNST=RHOG2 P
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