DC Bus Hybrid System Workshop
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Introduction

« Walkthrough of design of dc bus Hybrid system with the
following design decisions:

* Generator used as backup only

 Generator design and installation guidance can be found
within Hybrid Design and Installation Guideline, however
sizing of PV array and battery bank is covered in Off-grid
PV system Design Guideline




Hybrid System Overview

* Any system that includes two charging sources Is a
hybrid system.

 This overview is only considering hybrid system
comprising a fuel generator and PV array.

* The generator could just be for back-up when the solar
IS insufficient to meet the energy demand (e.g. during
periods of bad weather) or it could be required to meet
some of the energy demand each day.




System when Generator is Back-up

* In these systems the design of the solar system will be
the same as previously covered in the design guidelines.

* The generator will then operate during periods of bad
weather or if the loads energy is exceeding that be in
provided by the solar array.




Customer requirement

* A guesthouse owner is Ioo.kircljg to install a dc bus hybrid
Is, stem as their generator is due for replacement. They would
Ike:
* A battery bank with 2 days of autonomy without
neeci_l;]ng to run the generator in the event of bad
weather.

* Anew generator that would meet the maximum
demand of the loads but will also provide maximum
charging current possible from the inverters and the
selected battery bank

* This hybrid system will therefore use the generator as a back-

up only.
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Site information

« Site location: Vanuatu,15°S

« Large available roof facing North
 Occupants, 4 adults full time (owners + 2 staff)
* 4 guest rooms for up to 12 guests.




System Arrangement: dc Bus Hybrid

« The following dc bus hybrid system has been selected:
Three-phase system
Nominal battery voltage: 48V

Inverter waveform: Pure sine wave for proper operation of all
electronic equipment

Inverter type — dc bus interactive inverters—3 single phase SMA
Sunny Island in a 3-phase arrangement

Generator
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Load Assessment

 Adata- Io?ger was used to measure demand and energy
consumption over a typical day with full occupancy
* Results:
* Average daily consumption: S50kWh
» Max Demand: 9 kVA
« Surge demand: 12kVA (not shown)
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Determine required capacity of inverter

 Max demand

Assuming the loads are balanced across the system, divide
the site’s max demand by the number of phases to obtain
the max demand per phase

=9,000VA /3 =3000 VA
Applying a 10% safety factor

Inverter minimum required max demand = 1.1 * 3000 =

3300 VA

ﬂ SEIAPI @
WY suonse e RLD BANK GROUP




Determine required capacity of inverter

* Surge demand

Assuming the loads are balanced across the system, divide
the site’s surge demand by the number of phases to obtain
surge demand per phase.

=12,000/3 =4000 VA
Applying a 10% safety factor

Inverter minimum rated surge demand = 1.1*4000 = 4400

VA
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Select the Inverter

The inverter’s continuous demand rating should meet the required maximum demand. Its
surge demand should meet the required surge demand

Inverter power output can be assumed as unity, ie TW = 1VA

From the datasheet provided below, Sunng Island 4.4M meet the surge demand ( >
4400 Required) and continuous demand (3300W = 3300W required)

In hot conditions, check if AC power at 45°C meets demand

Technical Data Sunny Island 4.4M Sunny Island &.0H Sunny lsland 8.0H
Operation on the wiility grid or generator

Rated grid voltage / AC voltlage range 230V /172510 2645V

Rated grid frequency / permitted frequency range 50 Hz / 40 Hz to 70 Hz

Maximem AC current for increased self-consumption |grid operation) 145 A 20 A 26 A
Maoximem AC power for increased self-consumption |grid operation] 3.3 kVA 4.6 kvA & kvA
Maximem AC input current S50A 504 504
Moximum AC input power 11500'W 11500 W 11500 W
Stand-olone or emergency power operation

Rated grid voltage / AC voltage range 230V /202 V10253V

Rated frequency / frequency range |adjustable) 50 Hz / 45 Hz to 65 Hz

Rated power (at Unom, fnom / 25°C /cos g = 1] 4500 W SH000 W

AC power at 25°C for 30 min / 5 min / 3 sec 4400 W / 4600 W | 5500 W] 5000 W / 6B00'W / 11000W 8000 W /9100 W / 11000 W
AC power ar 457 C continvously | TR 3700 W 5430W

Rared current / maximum output current (peak) 145A 760 A 2041204 26 A/ 120A
Tatal harmenic distortion output voliage / power factor af rated power < 5% /-1 1m+] <1.5% /—110+1 <1.5% /-1 10+
Battery DC input

Rared input voltage / DC voltage range 48V 41 Vo 63 W 4BV /41 Va3 v 4BV /41 Vb3V
Maximem battery charging current / rated DC charging current / DC FS5A 63 ASTSA 1M0A/Q0A 103 A 140 A/ 115A /130 A

discharging current
Batiery type / battery capacity [range] Lilon", FLA, VRLA /
100 &h to 10000 Ah [lead-acid)
50 Ah to 10000 Ah (liHon)

Charge control |Uol charge procedure with automatic full charge and equalization charge
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Determine Battery Bank Capacity

* The battery bank must be sized to meet the whole daily load
that is being supplied by the PV array and battery bank, as
there will be days where the solar irradiation is not available.

* Jo calculate the enerqgy required at the battery, use the
equation:

Eparr = Eac/ Niny
Where:

Eq,rr = energy required from the battery bank
ic = lotal daily energy (no dc load)

Nnny = inverter efficiency
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Determine Battery Bank Capacity

E =FE../ Assumptions:
BATT AC rIINV « Battery Inverter efficiency 94%
- Battery Inverter efficiency
when acting as charger 94%
EBATT - 50’000/ 0.94 - Watt-hour efficiency of the battery 80%
= 53,191 Wh/day « Maximum Depth of Discharge
(DOD) 70%
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Determine Battery Bank Capacity Cont'd

« Battery capacity is the energy required per day times the
days of autonomy required, divided by system voltage
and specified depth of discharge. .e.

Battery Capacity (Ah) = (Egarr X T,y )+ (Vg X DOD)
L.  =specified days of autonomy

V,, = Battery Bank dc voltage
DOD = depth of discharge
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Determine Battery Bank Capacity Cont'd

Given:
* 2 days as per customer’s requirements,

* 48V battery voltage (inverter DC input voltage constraint),
» and DOD of 70% (design decision),

The required battery bank is:
Battery Capacity = 53,191Wh x 2 /(0.7x48)

= 3,166Ah.
S G




Size and Select Battery Model

* The battery bank will is selected from the Sonnenschein
Solar range of batteries due to its heavy cycling
capabilities.

* The required battery capacity is 3166Ah, the largest
battery in this range has a capacity of 3036Ah at C,,, so
two parallel banks will be required. (3166/3036 > 1)

* Therefore each string should have capacity greater than:

= 3166/2 = 1583 Ah.
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Selecting a Battery Model

From the table below the battery that is greater than 1583 Ah at C,, is the
1593Ah. That is model number A602/1960C.

Two parallel banks would provide a battery bank of 2 x 1593= 3186Ah.
Capacities C, - C_,, (20 °C) in Ah

-

ABD2/295 SOLAR 124 167 103 217 248 273 289 285 294
AG602/370 SOLAR 155 200 24 272 310 342 362 357 367
ABD2/440 SOLAR 186 251 280 326 372 410 434 428 440
ABD2/520 SOLAR 220 307 342 arg 435 471 503 505 519
ABD2/625 SOLAR 275 369 410 455 523 bB5 604 606 623
ABD2/T50 SOLAR I 431 479 531 610 650 705 707 727
AGBD2/850 SOLAR 368 520 614 681 729 782 827 822 845
AG02/1130 SOLAR 494 604 818 a08 a73 1043 1102 1096 1126
AB02/1415 SOLAR 614 867 1023 1135 1216 1304 1378 1370 1408
Ac02/1695 SOLAR 737 1044 1228 1362 1450 1565 1654 1644 1689
AG02/1960C SOLAR 867 1222 131 1503 1803 1042 2016 1957 1004
AG02/2600 SOLAR 1047 1548 1782 2024 2276 2472 2500 2547 2613
ABD2/3270 SOLAR 1309 1835 2227 2530 2846 3090 3249 3184 3266
ABD2/3920 SOLAR 1571 2322 2673 3036 35 3708 3800 3821 3019
@ SIDSDOCK
7 Somaney WORLD BANK GROUP SLAND ENERGY FOR ISLAND LIFE e s




Battery Array Arrangement

» Each battery cell is nominal 2V.
* To make 48 volts, the number of cells in the string is
Neeries = Ve / Cell Voltage
Nsgries = 46/ 2
= 24 cells in series per string

series

* The total number of cells in the battery bank is:
= 24 cells in series per string x 2 strings in parallel

=2 x 24 =48 cells




Size and Select PV Array

The PV array will be sized for the month with the lowest
irradiation, June. The PSH in June for the site is 4.33kWh/m?
(PSH) with an average temperature of 26.1°C. As the generator
Is for backup only, this system is designed similar to an offgrid
PV system.

Assume:
* Site’s daily consumption is 50 kWh/day
» No PV array oversizing required because there is a generator
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Size and Select PV Array

System efficiencies and characteristics:

» Average solar resource at 15° tilt (Hy) 4.33
PSH/day

» PV module rated capacity (Pgrc) 300W

» Derating factor due to dirt (Fyr) 95%

» Derating factor due to manufacturer's tolerance (Fa)

95%
« Watt-hour efficiency of the battery 80%
* P,,p Temp Co-efficient(y) -0.39%/°C
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System block diagram

* |tis helpful to draw out a system block diagram with major
components and their efficiencies. The diagram below also

calculated the dc cablqlosses.

Noc_catie = 98% l System Controller

= OR MPPT Controller
é MNurer = 95%

dc Bus
Interactive
Inverter

vy

Generator
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Derating PV Modules for Local Condition

* Temperature derating factor

Fremp =1+ [y*(Togii-grrTsrc )]
Cell effective temperature T - | grr Can be calculated by
adding 25°C to site average ambient temperature

For this site:

Fremp = 11[-0.39/100%(26.1°C+25°C-25°C)]
=0.898 (i.e. 10.2% decrease)

ﬂ SEIAPI @
‘ #7 Sustainable Energy RLD BANK GROUP




Derating PV Modules for Local Condition

PV module derated power is calculated by:

Pmop = Pste * Fuan X Frewe * Forr
 Module nominal power at Standard Test Condition (Pgrc)

and manufacturer’s derating factor (F),,) IS Obtained
from the module datasheet.

* Freyp Was calculated on the previous page based on local
average temperature

« Evaluate dirt derating factor Fz on a case by case
basis. 5%(0.95) is good assumption unless area is extra
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Derating PV Modules for Local Condition

From previous calculation, local condition, and information
from manufacturer:

Puoo = Pste * Fuan * Frewme X Forr

= 300 Wx0.95x0.898x0.95
= 243.1W
= 243W
e ﬂ SEIAPI wom@enoup




Calculate Number of Modules Needed

The number of solar modules required in the arrays is
determined as follows:

Npy =(Enc*F o )J(Pyop*Hrir* ey supsys )

Where:
Hypr =4.33 PSH
Eic = 50,000kWh
F, = 1 (generator present, no oversizing required)

Inverter subsystem efficiency N, gosys
= Ninv X N X Nept X Nge_cable




Inverter Sub-system Efficiency

Inverter subsystem efficiency N, gosys

= Ninv X Owa X Nwept X Nec cable

=0.94x0.8x0.95x0.98
=0.70

Note: This efficiency factor
assumes the worst case scenario,
where all PV array energy goes
through the battery bank before
ac loads.
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. OR MPPT Controller
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Calculate Number of Modules Needed for
Daytime load

 The number of solar modules required in the arrays is determined
as follows:

Npy =(EacXF o )/(Pyop* Hriit* ey subsys )

Where:
Hypr =4.33 PSH
Eac = 50,0001kWh
F, = 1 (generator present, no oversizing required)
Inverter sub-system efficiency Ny, supsys
=0.70
Noy  =(50,000x 1) /(243 x4.33x0.7)
= 67.88 = 68 modules
<4, s @




Calculating Array Size

The nominal array size Is:
=68 x 300 W,
=20,400 W, =20.4 kW,




Sizing the PV array using an MPPT

 Choosing MPPT model i e iiaa

« Choose from nominal e . -
battery volta%/e system o OCbie R NS
voltage is 48 e — — —

Output [battery) 3
. Look at last column Norkcl G o 140 0w 200w
Nominal vologe ronge 16V =315V 3o'v.05v
i ASSU me mrmcumlcmwwsmwmmv Som:'dm l‘°d°°:)°:;‘:;’A

Chorge control ol ol

* lowest temperature for the ==,
Slte IS 15 :‘:'::::’m 97.3% 973%

DC revense polanity °

* maximum cell e -

temperature is 70 °C Kol : -

General data

° MOdUle V iS 39 3V Dimensions (W / H / D} in mm 421/310/143 421/310/143
. Weight 10k 10kg
0C . Prosection class (occording IEC 60529) wosg 45

Operiliag leripen 225 4C . +60°C <25 °C__+60°C

o MOdUle Vmp IS 32-1V Auhfﬂ,:‘;fy ahure fange 0%-100% 0% -100%

Doytime opercting consumpsion <5W <5SW
Intemnal consumpsion ot sight <3IW <3IW
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Maximum Number of Modules in String

* The maximum V. of the module at coldest temperature

IS.
Viax oc=Voc ste*{1HBX(T yin=T sre )}
Vipx e = 39.3 % {14(-0.30/100) x (15-25)]} = 40.48
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Maximum Number of Modules in String

« Maximum number of modules in the string is

NMAX_OC = VARRAY_MAX_V_OC/ VMAX_OC
Virray max voc IS read off MPPT datasheet, which is 140V

Nuax oc = 140/40.48
= 3.46, round down to 3 modules

Technicol doso Sunny Island Charger 40
AV a8V
Imput [PV generoéor]
M. P persnr 1250 2100 W
g iovec
Optimal MPPT vohogs rongs 40V - BOV 70V - 100V
Mumbae of MPP inackers ] ]
Max. PV current 40A 30 A
M @ $IDSDOCK
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Minimum Number of Modules in String

* The minimum V| of the module at hottest temperature is:

Vi vp=Vwe stc*{1* Y (Tyax=Tste I}
Vi wp = 32.1 {1 +[(-0.39/100)x (70-25)]} =26.46V

 The PV array’s minimum voltage at the MPPT is de-rated by the
voltage drop and is calculated as follows:

VMIN MP MMPT = VMIN MP X [1 — voltage drop]
V,\,”,\,_,\,lp_,\,IPPT =26.46 x0.99=26.20V

Note: effect of voltage drop depends on cable run. In this case it's

assumed to be 1% drop
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Minimum Number of Modules in String

» For the MPPT to work effectively the V| of the array
should also be greater than the battery voltage.

* The data sheet above states minimum MPPT voltage
(Vrin_wepr) 18 70V.

Technicol dota Sunny lsland Charger 40

Input [PY generoior]

Pce. P et 1250 % 2100 W
Moo DI woltage A0 W DL 140 W DE
Oyptimal MPPT volioge rongs A0V = BOY IIII'n'
Fusnbae o PP inaciesy 1 I

Mo, P current AL A oA




Minimum Number of Modules in String

Note: In this case this is also the minimum array MP
voltage, i.e. Varray min mp = VMmN MpPT

 The minimum number of modules per string is then
determined by the following equation (round up):

N MIN_MP =VARRAY_MIN_MP/ VMIN_MP_MPPT

=70/26.2
=2.67 rounded up to 3




Calculate Array Size per MPPT

» Allowable string size is 3 modules per string.
* The power rating of each string
=3 x 300 = 900W




Calculate Array Size per MPPT

« Each MPPT has a recommended power of the array =
2100W @ 48V. Therefore The number of strings per
MPPT is

=2100/900=2.3 rounded to 2
* The number of modules per MPPT=2x3=6
* Array power rating per MPPT =6 x 300 = 1800
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Calculate total array size

* Minimum number of module needed was 68modules
* Number of modules per MPPT =6
* So number of MPPTS= 68/6= 11.3 rounded up to 12

Note: The 121" one only required 0.3 of 6 modules, which is 2, but minimum
modules per string is 3, hence there are 3 modules in the 121" MPPT.

e Actual number of modules=11x6+3
=69
The nominal array size Is:

=69 x 300 W,
= 20,700 W, = 20.7 KW,
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Sizing a Fuel Generator

Should be able to meet the demand of all the load—similar to
sizing the battery inverter (See first step)

PLUS

Meet the battery charging demand, either via a separate battery
charger or via inverter/charger

THEN Battery

Bank

Apply generator derating factors




Calculating Battery Charging Demand

The demand can be calculated if battery charger max power is
given. If it is not, then it can be worked out from looking at
battery charger’'s max voltage and currentas P = [V

Battery charger max current (& check battery can handle
max charge current)




Battery Charger Max Current

Calculating Battery Charging Demand

From datasheet, each SMA Sunny Island 4.4M inverter has a maximum
charge current of 75A but a rated current of 63A.

The maximum charge current from the battery charger is the sum of
maximum current that can be provided by the battery charger on each

phase, i.e.

e =3x75=225Adc
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Technical Data

Operafion on the ufility grid or generator

Rared grid voltage / AC voltage range

Rated grid frequency / permitied frequency range

Maximum AC current for increased selffconsumption |grid operation)
Maximum AC power for increased self-consumption |grid eperation)
Maoximum AC input current

Maximum AC input power

Stand-alone or emergency power operation

Rared grid voltage / AC vollage range

Rated frequency / frequency range |adjustable)

Rated power (ot Unom, fnom / 25°C / cos g = 1]

AC power at 25 C for 30 min /5 min / 3 sec

AC power at 457 C confinuously

Rared current / maximum ourput current (peak]

Total harmonic distortion output volage / power factor at rated power

Baltery DC input
Rated input voltage / DC voliage range

Maximum battery charging current / rated DC charging current / DC
discharging current

Sunny Island 4.4M

145 A
3.3 kva
S50A
11500 W

3300W
4400 W / 4600 W / 5500 W
3000 W
145A 7 60 A
<5% /—11o+]

48V /41 V063V

83 A/75 A




Calculating Battery Charging Demand

The selected battery bank comprises two parallel banks of
AB02/1960C SOLAR with a combined C,, capacity of 2 x
1593= 3186Ah. The battery’s charge currentis 0.1 xits C,,

rating, 1.e.
battery design maximum charging current
= 0.1 x 3186A = 318.6A.

This is smaller than Inverter's maximum battery charging
current |,.. Which means the battery bank can accept the
maximum charging current from the inverters.
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Calculating Battery Charging Demand

Battery Charger Max Voltage
Assume the maximum charge voltage per cell is 2.4V.
Maximum charge voltage can be calculated as:

Vi,  =cellvoltage x N
=24 x24 =57.6 Volts




Calculating Battery Charging Demand Cont'd

« Battery charging demand from the point of view of the
generator is the power the battery charger delivers
divided by the battery charger efficiency and power factor,

Sbc = (lbc X Vbc)/ (nbc X pfbc)




Calculating Battery Charging Demand Cont'd

 Assume for this example:
» Battery charger nominal efficiency (N,.) is 0.94
» Battery charger nominal power factor (pf,.) is 1

Sbc = (lbc X Vbc) / (nbcx pfbc)
= (225x 57.6)/(0.94x 1.0
=13,333 VA=13.3 kVA
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Calculating Battery Charging Demand Cont'd

* The13.3 kVA is theoretical because the continuous rating
of the inverter is 3.3kW. So three inverters would only
represent 9.9kVA NOT 13.3 kVA.

* The reason is that the maximum current would not occur
at the maximum voltage of 57.6V. The VA of 75A x 57.6V
s 4320VA this is eevn higher than the 7 rating of the
inverter (600) .

« So we would know use 9.9kVA.




Calculate Generator Capacity

« Generator needs to be sized to meet the maximum demand it can
experience

* Inthis case itis:
Delivering full AC load + charging battery at max battery charger demand
* |t can be written as

SgEN = (SBC + SMAX_CHG) X Fgo

Where:
Seen = Minimum apparent power rating of the generator (kVA)
Sge = Maximum apparent power consumed by the battery charger under conditions of

maximum output current and typically maximum charge voltage (kVA)
Suax_cHe = Maximum ac demand from ac loads during battery charging (kVA),In this case it's

the site’s max demand

Feo = Generator oversize factor (dimensionless
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Calculate Generator Capacity (Cont'd)

If the generator oversize factor is decided as 10%, then the
minimum capacity of the generator required so that it can
meet the battery charging load and maximum demand at

the same time Is:

(SpctSmax che)*Foo

(9.9+10)* 1.1 = 21.9kVA)

‘SGEN

SGEN




Generator derating factor

. hGen_e(jr_ggtors will perform at a reduced level with high air temperature, altitude, or
umidity.
« |f derating factors are not available from the manufacturer, the following table
(from Hybrid Guideline) can be used as a substitute

. sitefador | Derating

Air Temperature Derate 2.5% for every 5°C
above 25°C

Derate 3% for every
additional 300 m above
300 m altitude

Humidity Air Temperature between  Derate 0.5% for every 10%
30°C and 40°C above 60% humidity

Air Temperature between  Derate 1.0% for every 10%
40°C and 50°C above 60% humidity

Air Temperature between  Derate 1.5% for every 10%
50°C and 60°C above 60% humidity
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Applying Generator Derating

The guesthouse is located at 100m altitude, with maximum air
temperature is 28°C and humidity is 78%.

» Altitude derating does not apply, the site is less than 300m above
sea level

 Temperature derating: (28 °C -25 °C)/5*2.5 = 1.5%.

Note: temperature derating would be higher if generator is not
located in a well-ventilated space

 Humidity derating does not apply, this site’s air temperature is
below 30°C

» Total derating:
=1.5%
The derating factor would be 1 - 0.015=0.985

: &
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Required Generator Capacity accounting for
derating factor

* Generator required capacity Sgeyy = 21.9kVA

* Site specific derated required capacity =21.9/0.985
= 22.23kVA

Note:

* Generator is likely to be underloaded most of the time based
on this sizing; it would only be running at full capacity during
morning and evening peak. This is acceptable for this case
since it's expected that the generator will not be running often.

* |f generator is expected to be used more frequently, a smaller
generator may be selected and operated such that battery
charging never happens during maximum demand times

AP &
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System summary

Generator required capacity: 22.23kVA
Generator is only used for prolonged days without sun.

PV Array Size:20.7kWp, 69 modules rated at 300W
Array connected to 12 MPPT chargers and battery bank

Battery bank capacity: 3186Ah
Battery bank arrangement: 2 x 48V strings
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Discussion: Maximum Charge Rate

"he maximum charge rate is generally less
than the maximum discharge rate,

'he batteries have to be capable of providing
the maximum demand drawn from them by the
Inverter.




Discussion: System dc Voltage, Maximum Demand,
Battery Capacity and Configuration

* The appropriate system voltage

depends on the maximum charge or discharge rate
that the batteries will experience, which

depends on the size and type of inverter chosen,
which in turn

depends on the system load and also
depends on the system configuration (ac vs dc bus)
Note: Typically the d.c. voltage range of the chosen

Inverter could dictate the battery voltage.
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Questions?
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The End
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