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• PV Cell Modeling 2
• Shading
• Module configuration
• DC/DC conversion
• MPPT
• Grid connection

Outline



Solar module configuration
Understanding array configurations
• PV-cell characteristics
• Parallel, series connection
• Bypass diodes
• Shading



The PV-cell Solar-cell defined with generator 
references
Current direction out of the cell
Only 1st quadrant used



IV-characteristics

Shockley diode equation Short circuit current

Open circuit voltage

𝑉! =
"!
#

=25.9 mV (thermal voltage)
m ideality factor (1<m<2)



Maximum Power Point
• Fill Factor

• Efficiency



Step 1 – Diode equationen
• Characteristics for Diode: Shockley Equation 𝐼$ = 𝐼% 𝑒

!
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• k – Boltzmann’s konstant (1.381 ⋅ 10'()J/K)
• q – Elementary charge (1.602 ⋅ 10'*+ C)
• 𝐼%– Reverse saturation current (∼ 10'*(	 A/𝑐𝑚()
• 25℃ conditions,  "
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𝑉!  Only weakly dependent
on the current about 0.6-0.7 V

Flip the curve
the diode
”steals” current

−𝐼!



Step 2a: Current source + Diode equation

Current 𝐼45 	is determined by irradiation 
and the diode steals current

𝐼 = 𝐼45 − 𝐼$

𝐼 = 𝐼45 − 𝐼% 𝑒
"
#!	&$ − 1

No Power delivery at the extreme points.
-Vill veta vad vi får ut mellan extremerna



Step 2b: Current source + Diode equation

Current 𝐼45 	is determined by irradiation
𝐼 = 𝐼45 − 𝐼$

𝐼 = 𝐼45 − 𝐼% 𝑒
"
#!	&$ − 1

Solve for 𝑉65, 𝐼 = 0

𝑉65 =
𝑘𝑇
𝑞
𝑙𝑛

𝐼45
𝐼%
+ 1

at 25o we get
𝐼 = 𝐼45 − 𝐼% 𝑒)7.+	&$ − 1

𝑉65 = 0.0257	𝑙𝑛
𝐼45
𝐼%
+ 1



Step 3: More complete cell description

• Need two elements more
• Shaded cell 𝐼45 = 0

• Diode blocks
• Current goes through 𝑅!

• Resistive series loss 𝑅4

Illustration of  the effecta.
More reasonable: 𝑅! ≈ 6	, 𝑅" ≈ 0.005



An Example of shaded panels, a street light pole

X



Shading – One shaded cell

• Voltage from one module with a shaded cell
• n-1 cells are active

• Rewritten to expression in normal voltage V

• Voltage loss in the module

• 𝑅8 is much greater than 𝑅4



Tool to counteract the shading losses
Bypass diodes



PV-module modelling
PV-module with N cells with equal solar radiation 
defined by 

𝐼=> = 𝐼?@ − 𝐼? 𝑒
A!"

BCDCA# − 1

Open circuit conditions: &
𝐼=> = 0
𝑉=> = 𝑉E@

𝐼?: a diode parameter, typically µA, can be 
calculated as

𝐼? =
𝐼?@

𝑒
A$%

BCDCA# − 1
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IV-characteristics vs Irradiance

Solar World SW-165 W, 
1.6x0.8 m, Monocrystalline, 72 cells
Vmp = 35.3 V, Imp = 4.68 A, 
Voc = 43.2 V, Isc = 5.1 A



Paralleling PV-cells



Series connection



Series connection. Shading

The shaded cell 
is limiting current

!"#$%&'( )%

"#$*&%+( )*

"#$,&%+( ),

"&'(

-%

-*

-,

")%&+(

")*&'(

"),&'(

Shaded cell



Solar module shading



The bypass diode

Bypass diode of shaded 
cell carries the current 
deficit
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Bypass diodes, ideal case



Practical case of bypass diodes

• Solar module with 36 cells

Module design is typically using 1-3 bypass diodes
• Voltage loss from bypass diodes of shaded cells 
• Not practical to accommodate many diodes in a 

module housing.



The junction box Back side of the module
External connections
Bypass diodes



PV-cell characteristics

Beginning breakthrough at high negative voltages



Critical hot spot
Module with 36 cells, shaded cell without bypass diode

• Loaded by reverse voltage from other 35 cells
• Beginning break-through at high reverse voltage
• Risk of overheating
• Worse case under short circuit



Hot spots reduced with bypass diode
Bypass diode across 18 cells groups
Hot spot in shaded cell reduced to 50%

Where z is the number of cells under a bypass diode.



• Paralleling principally better to combine many 
cells (current sources) since current is added. 
Very low cell voltage (0.6V) gives high current, 
and high cabling losses when paralleling

• Series connection efficient to achieve high 
voltage at low current. The predominant 
solution!

• Shading becomes a bottleneck for current 
reducing output power of also unshaded cells.

• Shaded cells, can be overloaded by unshaded 
cells. Hotspot.

• Bypass diodes used to mitigate consequences of 
shading for series connection.

Configuration summary



Temperature dependency



Temperature dependency

Typical Si-Solar cellMonocrystalline 156x156mm Bosch 
solar cell M 3BB

𝑇𝐶 𝑃988 =
∆𝑃988

∆𝜗 C 𝑃988
=

= −0.4…0.5	%/𝐾



Cell operating temperature
Nominal Operating Cell Temperature, NOCT

• Irradiance: E = 𝐸BOPQ = 800	 ⁄R D&

• Ambient temperature: 𝜗S = 20℃
• Wind speed: 1	 ⁄D ?

𝜗:;<< = 𝜗= + 𝑁𝑂𝐶𝑇 − 20
𝐸

𝐸>65!

𝜗:;<< − 𝜗=
𝑁𝑂𝐶𝑇 − 20

=
𝐸

𝐸>65!

𝑵𝑶𝑪𝑻 = 𝝑𝒄𝒆𝒍𝒍	 @	 𝑬 = 𝟖𝟎𝟎	 ,𝑾 𝒎𝟐 , 𝝑𝑨 = 𝟐𝟎℃



Standard Test Conditions (STC)

• 𝑬𝑮 = 𝑬𝑺𝑻𝑪 = 𝑬𝑫𝒊𝒓𝒆𝒄𝒕 𝑨𝑴𝟏. 𝟓 +𝑬𝑫𝒊𝒇𝒇𝒖𝒔𝒆= 𝟏𝟎𝟎𝟎 :𝑾 𝒎𝟐
• 𝑀𝑜𝑑𝑢𝑙𝑒	𝑡𝑒𝑚𝑝, 𝜗:;<< = 25℃
• 𝐴𝑀 = 1.5



PV module
320 W at STC
1.6 m2

5kW = 15.6 modules
Total 25 m2



Example 6.1 Actual module power on a summer’s day

𝜗:;<< = 𝜗= + 𝑁𝑂𝐶𝑇 − 20
𝐸

𝐸>65!
= 30 + 48,6 − 20

1000
800

= 65,75℃

𝑇𝐶 𝑃/00 = −0.47	%/𝐾



Reduced temperature impact

• Cooling increases power, 
efficiency and lifetime.

• Swedish SolHybrid combines
• Solar cell
• Solar heating
• Geothermal heating



• DC/DC conversion
• Maximum power point tracking
• Grid inverter

Grid connection



Solar modules and resistive load



Solar modules and DC/DC conv



DC/DC step-down(buck) converter
𝑉(
𝑉*
=
𝑇?@
𝑇
= 𝐷, 0 < 𝐷(𝐷𝑢𝑡𝑦	𝑐𝑦𝑐𝑙𝑒) < 1



DC/DC step-down(buck) converter
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DC/DC step-up(boost) converter

𝑉(
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1 − 𝐷



MPPT, Maximum Power Point Tracking

• DC/DC converter to allow 
different pv- and load 
voltage

• PV-voltage is optimized to 
reach MPP 



MPPT Perturb & Observe (PandO)
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MPPT for partial shading

• Partial shading may 
give multiple local 
MPPs 

• PandO might not find 
the MPP

• Global scan over 
larger range required



Parallel strings for high power



Grid connection

• Single phase
!𝑈;<(>?@A) = 𝑚; 𝑈C

• Three phase
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Grid inverter configurations



Grid inverter tasks
• Converting direct current to alternating current

• DC voltage at similar amplitude as the ac-voltage

• - else, DC/DC boost converter required

• MPP tracking
• Fixed ac-side voltage amplitude
• Variable dc-side voltage
• Synchronizing infeed to the grid voltage

• Detecting stand-alone operation



Typical small PV-system



Lab1 introduction
• PV-module emulator
• Partial shading
• DC/DC Boost MPPT converter



PV-emulator
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Partial shading



DC/DC Boost MPPT
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