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Lecture learning outcomes:

At the end of this lecture, you will be able to:

l. Understand the configuration of Grid connected PV systems
Ii.  Identify the modeling of PV generators and its importance in MPPT

lii.  Identify some controlling approach of boost converters for maximum power harvesting

Iv. Know the Grid code and Regulation of PV system
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1. Grid-Connected PV System Configurations( GCPVC)

 Solar panels or arrays that are connected to the utility grid via a power inverter unit enable them to function in p
arallel with the electric utility grid.
« Grid-connected PV energy conversion systems can be grouped into four different types of configurations:
v" Centralized configuration for large-scale PV plants , specifically for 3-phase
v" String configuration for small and medium-scale PV systems , common for single-phase &3-phase systems
v" Multi-string configuration for small- to large-scale systems
v" AC-module configuration for small-scale systems (commonly single phase).

« Simplified diagrams of each of these configurations are given in Fig.1.
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Figure 1. Grid-connected PV system configurations[1]: a. Centralized configuration b. String Configura
tion c. Multi-string configuration d. AC-module configuration.
https://www.scirp.org/journal/paperinformation?paperid=72028
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GCPVC Cont....

The centralized topology uses a single three-phase voltage source inverter (VSI) to connect the whole PV plant to
the grid as presented in Fig.1.a

Here, as presented earlier, the PV system is formed by the series connection of modules or string to reach the desi
red output power.

The advantages of this configuration is that its simple structure, single transformer and single control system that
needs single set of sensors, control platform and grid monitoring unit.

This comes at the expense of reduced power generation because of a single MPPT algorithm for the whole PV sy
stem. Also, diode conduction losses are introduced by the string series blocking diodes.

Currently, the central configuration is the most widely used topology for large-scale PV plants.



GCPVC Cont....

The string configuration presented in Fig.1.b uses one inverter per PV string; hence there is no need
for a series blocking diode.

In addition, for a PV plant consisting of several string inverters instead of a single central inverter, th
ere will be more individual MPPT available, increasing the total energy yield.

Partial shading and mismatch are reduced at a string level and not at an array level.

The string configuration also increases modularity, since additional PV strings and string inverters c

an be added to the power plant without affecting existing strings.



GCPVC Cont....

However, compared to a central inverter, the string configuration has:

A higher component count, multiple transformers if isolation is required and a need for several indivi
dual grid control systems

*Thus, it needs several number of the sensors, control platforms, grid monitoring units and others for
a power plant of the same size of centralized inverter type PV systems

*Accordingly, for the large PV plants, the investment cost of a string inverter configuration can reach
up to 60% higher than that of a central inverter configuration.

*Therefore, the string topology is widely adopted as a solution for small- and medium-scale PV syste

ms like rooftop and residential systems.
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 Figure 1.c presents the multi-string configuration of grid connected PV system, which merges the be
nefits of the centralized and string systems.

« It introduces the distributed MPPT capability of the string configuration through individual DC-DC co
nverters interfacing each string to the centralized inverter

*The DC-DC stage also serve for voltage elevation and isolation

» Accordingly, the system utilizes the major benefits centralized structure of the grid connected syste
m like simple structure and single grid-side control system

*But, the multi-string structure gains higher energy yield and modularity compared to the central topolo

gy
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In terms of component count: the multi-string configuration is above the central topology, because of a
dditional DC-DC converters, and below the string inverter, since the DC-DC stage requires fewer com
ponents compared to the grid-tied inverters.

Among the disadvantages are higher DC-cable losses, which are necessary to connect smaller parts
of the PV system and DC-DC converters to the central inverter

*The multi-string configuration is popular for small- and medium-scale PV systems such as rooftop one
S

» More recently, it has also been introduced for large- or utility-scale PV plants.
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Finally, the AC-module or module-integrated topology, commonly referred to as micro-inverter is

presented in Fig.1.d

Which is the most distributed power converter architecture for grid-connected PV systems, since

it features one inverter per PV module.
Therefore, it has the best MPPT capability of all configurations.

Because PV modules usually generate a low voltage, which is less than 50 V, voltage elevation |

s required for grid connection of this configuration.

Generally, AC-module topologies usually include a DC-DC boosting stage to elevate the voltage

of the module.

Therefore, this topology is intended for small-scale PV systems and more domestic use.



2. Controlling Of Grid Connected PV systems(CGCPVs)

= Controlling of grid connected PV system is mandatory for all the configurations though the controllin

g parameters, number of variables and method of controlling varies with the configuration.

= The increased number of grid connected PV inverters gave rise to problems concerning the stability
and safety of the utility grid, as well as power guality issues. The main problems in all configuration o

f grid connected systems are:

Voltage rise problem

Frequency

Increased harmonics

Increased voltage unbalance

Anti-islanding
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Voltage raise[2]:

The integration of large amounts of PV systems in the LV networks increases the generation of active p
ower leading to voltage rise along the feeders though it's playing a bigger role in the electricity market
because of its capacity to reduce greenhouse gas emissions, support the grid, and provide stand-alone
power.

The typical LV grid's behavior has been impacted by protection concerns, higher losses, transformer an
d cable rating issues, unexpected voltage rises, and reverse power flow.

In order to reduce voltage rise issues, communication with PV and voltage control devices must be inc
orporated.

The negative effects of high PV penetration have compromised the operation of on load tap changers (
OLTC) and automatic voltage regulation.

At the moment, the voltage rise should not exceed the 2% limit imposed by the old GC
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The volatile characteristic of PV type renewable energy sources' power production leads to the gri

d frequency problems.

In particular, frequency variation is caused by a temporal disparity between generation and deman
d brought on by the typical volatility of PV power output though the super-capacitors and other freq

uency control is adopted

As a result, it is now essential to take the grid's frequency into account at high PV penetration level

S.

Accordingly, it's better to control the grid-connected photovoltaic system, frequency regulation like b

attery storage and others. Thus, it's important to maintain the energy balance
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« Asmall PV system linked to the LV grid side must function correctly within the frequency range of 59.
3 Hz (98.83%) - 60.5 Hz (100.83%) based on a nominal frequency of 60 Hz, per IEEE 929-2000[3],[
4].

« Accordingly, when the frequency falls to 59.2 Hz (98.66%) or rises to 60.6 Hz (101%), the PV plant
must trip.

« Within six cycles, the inverter shall stop energizing the utility wires when the frequency drops below t
he permitted range.

« However, according to IEC 61727, the frequency range is 49 Hz (98%) to 51 Hz (102%) based on a
system frequency of 50 Hz[5].

 Means, the PV system must be unplugged within 0.2 Hz if the system frequency falls outside of the
se bounds.
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« While the PV system is connected to the power grid side, the frequency deviation is required to
meet the requirements.

« For instances , the Germany, France and Spain grid codes for frequency is presented in Table.1
Table 1. grid connected PV system frequency tolerances|5]

Frequency toler 47.5<f<515 48<f<51 475 <f<52
ance

Over frequency 10 cycles N/A N/A
trip

time (sec.)

Under-frequenc 10 cycles N/A N/A

y
trip time(sec.)
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= Accordingly, controlling several grid connected systems, from PV up to Grid is heeded to maintain the
network stability and reliability

= Thus, the penetration of PV into the smart grid rand vice versa requires studies in variability and conv
ersion technology.

= Needs the mathematical modeling of PV systems , converters and controlling devices

= The tracking method based on modern Al based mechanisms to obtain enough power at PV systems
and its delivery to grid is needed.

= The control system and modulation schemes depend on the topology and vary from one topology to a
nother.

= Nevertheless, the main control objectives are universal and include MPPT of the PV system, grid syn
chronization, DC-link voltage control, active and reactive power control and grid

Monitoring including anti-islanding detection.



3. Photovoltaic Generator Model(PVGM)

" Models of photovoltaic cells have long been used to describe the behaviors of photovoltaic cells.

The single diode circuit model, which is shown in Fig.2, is the most often used model for predicting

energy generation in solar cell modeling.

A current source/photon current |, is included in this model; it is dependent on cell temperature an

d solar radiation.

A diode in which, after accounting for resistive losses, the inverse saturation current |, depends mo

stly on the operating temperature, a series resistance R, and a shunt resistance R. .

The current—voltage relationship of a photovoltaic cell is given by:

V+R.I V+R.I
=1 —I 1y )L




PVGM Cont.....

*This eqn.1 can be solved by different iterative mechanisms.
Where, A = nkT/g modified ideality factor, n the diode ideality factor, k the Boltzmann constant (1.38 *10 -23 JK -1

), g the electronic charge (1.602* 10 -19 C), T the cell temperature (K), Vt the thermal voltage (Vt = kT/q, V), Rsthe s

eries resistance (Q) and Rsh is the shunt resistance (Q).
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Figure 2. The single diode circuit model representation PV system[7] .
URL. https://api.semanticscholar.org/CorpusiD:14288298
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PVGM Cont.....

The cell temperature, the incident solar irradiance, and their reference values are the three factors that
affect the five parameters in Egn.(1).

PV module manufacturers typically supply these reference values for specific operating conditions like
STC.

The standard conditions and real operating conditions are never the same, and mismatch factors may
also have an impact on the real values of these mean parameters.

Therefore, it is crucial to assess the five characteristics under actual working conditions in order to pro

duce a mathematical model of a PV module that is accurate.

The above reference value can be changed using different operating conditions as given by[8]:

(V+Rs(ref )*1

) (2
| = | g e 1y = L Rt an (@
— " ph(ref) O(ref)

IQsh (ref)



PVGM

A. short circuit condition
= Thus, at short ckt condition I=I,. and V=0, then eqn.2 is rewritten as:

Rs (ref )*Isc (ref ) )

Aref I:Qs(ref)
ISC(ref) = | ph(ref) — IO(ref)(e _1) —

IQsh(ref)
B. open circuit condition
= |=0, and V= open circuit voltage (V,c), Then:

VOC (ref )

Aref V R
_1)_ OC (ref )+ " “s(ref) —0

(

I ph(ref) IO(ref)(e R
sh(ref)

C. at maximum power point (MPP), V=V and I=l__.,). Then:

Vi (ref )+Rs (ref Y*Im(ref)

Aref ) V

T Rs(ref)

_1) . m(ref )

I m(ref )~ I ph(ref) — |0(ref)(e R
sh(ref)

eqn.(3)

eqn.(4)

eqn.(5)
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Then, the derivation of original egn., eqn.1 at V=V, and I=l. ., respectively is given as :

Z—\l/ V =Voc (ref ) — _RSO eqn(G)
oV =
Ol I=lsc(rery ~ "¥shO eqn.(7)

- Where, R;and R, are the slops of the |-V curve in open circuit and short circuit points, respectively

* Thus, the series and shunt resistances of the semiconductor can be easily determined using the abov

e equations for initial conditions.
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= Normally, the outdoor measurements of multiple 1-V curves for a standard module can be combined t

0 determine | Vocre) » Imere @Nd ymeren- ThIS €can be expressed mathematically as;;

sc(ref),
Isc(ref) — Isc(mes) > Gref + a(Tc _Tref ) 8
C;'mes eqn'( )
Gref
VOC(ref) :VOC(mes) T IB(TC _Tref ) +Vt In(G ) eqn(9)
G, egn.(10)
Im(ref) — Im(mes,) > + a(Tc _Tref )
mes
Gref

Vintrer) = Vinmes) = BTe = Trer ) = Regmes) Ummes) = Tmrery) + Ve IN(Z=) eqn.(11)

G

mes

Where, G, and G, are the reference and measured radiances, a is the temperature coefficient of the s
hort circuit current, T,; and T, are the reference and measured Temperature,

B is the temperature coefficient of the module Voltage
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* Then, by introducing the parameters from eqn. 8 to egn.11 into egn.2 , the five reference parame

ters are determined as;

A = Vm(ref) + Im(ref)Rso _Voc(ref) ( 2)
: ere Vocm Imm eqn'l
[In[lsc(ref)_(f)_lm(ref)]_ln[lsc(ref)_ ( f)]+[ (\f/) ]]
sh(ref) sh(ref) |Sc(ref) _ Voc(ref)
Rsh(ref)
_Voc(ref)
| . (l . Voc(ref) )e( Aret )
o(ref) sc(ref) eqn.(13)
sc(ref)
Rsh(ref )y — Rho eqgn.(14)
eqn.(15)
I?s(ref) — RSO
R (Isc(ref)*Rs(ref) eqn'(16)
| — | 1 s(ref) | > Avret 1
ph(ref) — sc(ref)( + ) + O(ref) {e }

sh(ref)
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B. Then, for real conditions, the equations can be rewritten as;
« Model ideal factor:

T eqn.(17)
A= —
Aref (Tref )
e Saturation current of the diode:
E N T
I, = IO(ref)(TL)eXp[ ;]\r (- .F )1 eqn(18)

where, Eg Is the band-gap energy of semiconductor and Ns is the total number of cell connected radial

 Photo current is;:

Iph :(Gi)[lph(ref) +(Z(T _Tref )] eqn(lg)
. Series resistance is:

A eqn.(20)

V
Rs = RS(ref) _[_ exp(_f)]

ly
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 Shunt resistance is:

G ref

eqn.(21)
Rsh = RSh(ref ) (?)

 Short circuit current and open circuit voltage at any operating condition is given by:

Gref
Isc = Isc(ref) (?) + a(T _Tref )

eqn.(22)
Voc :Voc(ref) _ﬂ(Tref _T) + A*In(%ref)
« The current and voltage at maximum power point are given by:
eqn.(23)

%)

Im(ref)( G
Vm :Vm(ref) _IB(Tref _T)

| =



4. Modeling & Control of grid connected Converters (MCGC)

. The significant advancements in the photovoltaic industry have presented novel obstacles for inverters,
which are now expected to enhance grid stability through the provision of support functions[9]. The mai

n challenges which inverters faces are:
Stage 1: Current control, harmonics, synchronizations and voltage unbalance
Stage 2:Power control(active and reactive power) and power quality
Stage 3:Grid Interaction with optimal support of power interaction

As observed in Fig. 3, controlling stage one leads to controlling stage 2 and the grid integration comes aft

er stage three.
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Figure 3. Grid connected configuration and control scheme of PV system with active pow
er control strategies [10]. Url: https://www.researchgate.net/publication/318762121
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MCGC cont....

« For example, as observed in Fig.3, harmonics and overall power of the system is easily controlled w

hile integrating with grid using chopper based on the three principles:
1. Power Limiting Control (PLC) Algorithm
2. Power Ramp-Rate Control (PRRC) Algorithm
3. Power Reserve Control (PRC) Algorithm

* In this control scheme, the PV power extraction is controlled by the boost converter through the regul
ation of PV voltage V,, while the full-bridge inverter transfers the extracted PV power to the AC g

rid by regulating the dc-link voltage V. to be constant.
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= The active power control strategy is then implemented in the boost stage, which is achieved by deter
mining an appropriate reference PV voltage V,, for a certain active power control strategy: power lim
iting control(PLC), power ramp-rate control(PRRC), power reserve control(PRC) as presented below
[11]:

a. Power Limiting Control (PLC) Algorithm.

= Regulating the operating voltage of the PV arrays V,, along the PV voltage (Horizontal line) is neces
sary to limit the PV output power to a specific level Py

= As shown in Fig. 4, the reference PV voltage V,, Is constantly perturbed towards the left side of the
MPP during the power limiting operation (i.e., Py, > Py.;,) until Ppv = Py ;.

= The PV system injects the maximum amount of power into the grid if the PV output power falls belo
w the power limit level (Ppv <P;..i)-

= The reference PV voltage, Vpv, is determined by the MPPT algorithm,

which is based on P&O.
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-----» MPPT operation
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Figure 4. Operating principle of the PLC algorithm. https://www.researchgate.net/figure/
Operational-principle-of-the-Power-Limiting-Control-PLC-algorithm-where-the fig4 32750

9824
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MCGC cont....

b. Power Ramp-Rate Control (PRRC) Algorithm: The principle of PRRC is similar to the PLC.

* |n this case, the criterion to curtail the PV power is coming from the change rate of the PV power, inst
ead of an absolute PV power.
= Specifically, the PV power ramp-rate R,) is first calculated as:
Rr(t): % eqn.(24)
ot
= Then, if the change rate of the PV power R,,) is above a certain limit R, the PV voltage V,, is pertur
bed towards the left side of the MPP, in order to reduce the change rate of the PV power to a certain
value ; R;y) = R)).
= The operational principle of the PRRC algorithm is given in Fig.5



MCGC

cont....
T MPPT :
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Figure 5. Operational principle of the Power Ramp-Rate Control (PRRC) algorithm: MPPT mode (
Ato B) and PRRC mode (B to C), where Rr(t) is the PV power ramp-rate and Rr is the ramp-rate |

imit. https://www.researchgate.net/figure/Operational-principle-of-the-Power-Ramp-Rate-Control-
PRRC-algorithm-the-operating figs 327509824
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C. Power Reserve Control (PRC) Algorithm

* PV power must be regulated below the MPP with a specific power reserve level P in order to |

mplement power reserve control.

This control functionality can actually be thought of as a specific instance of power limiting co
ntrol, in which a predetermined power reserve level P is attained by dynamically varying the p

ower limit level P, during operation.

As a result, to determine the power limit level P, .., deduct the required amount of power reser

ve from the available PV power P, using the formula P = P4 +P-

Fig. 6 illustrates the power reserve control strategy's working theory.
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| Irradiance level: 7
— 1000 W/m~
0.5 — 700 W/m~ -
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Figure 6. Operational principle of the Power Reserve Control (PRC) algorithm. https://www.researchgat
e.net/figure/Operational-principle-of-the-Power-Reserve-Control-PRC-algorithm-where-P-avai-is-the fi
g4 318762121
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5. Control Strategy of Grid Connected PV Inverter (CSGCPVI)

= The equivalent circuit, output voltage and current relationship of PV module is expressed in previo

us egns.
* One of the essential device in CSGCPVI control strategy is given in in the Fig.6

» The control circuit is divided into two control loops named as an inner current loop for controlling d

uty ratio and outer voltage loop to track the maximum power point to stabilize DC-link voltage
= Two currents are involved in inner loop control: active current (I;) and reactive current (l).

= |n normal operation, the output of the voltage loop (active current, |,) used as a reference while re

ference of reactive current (l,=0).
» Therefore, CSGCPVI operates at a nearly unity power factor.

» To control the grid current and dc-link voltage typical different control approach are utilized.
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» For the generation of inverter switching pulses, it is necessary to produce active reference and the reactiv

e reference voltage from the inner loop, and these are transformed into V, ,and then to V..
= The obtained V. is applied to PWM generator to produce required switching pulses to an inverter

* The mathematical modeling of three phase grid connected PV system as follows for conventional inverter

V., = Ri, + L% o
at

model.
. Bi,

V, = Ri, + L%+egc eqn.(25)

By rearranging the state space and time variant analysis the real and reactive power can be given by:

3
P=>Eqylq

3 eqn.(26)
Q= _E Eglg



6. Grid Codes and Regulations

The primary goal of connecting large number of renewable energy devices to the grid in recent years ha

s been to boost the output of renewable energy contribution to the environment, economy and SDGs.

However, due to the imperfections in the utility grid and volatile characteristics of RE , it is possible for th

e grid's voltage and frequency to surpass the established boundaries, which is unwanted and intolerable.

Maintaining the voltage and frequency regulation, power quality enhancement, and energy balancing are

necessary for the effective and dependable operation of electrical power networks.

The grid operator of a power system is in charge of ensuring proper functioning and has the ability to bu
y auxiliary services straight from the PV generators. Until recently, inverters had to disconnect and wait f

or the fault to clear in the event of unexpected grid circumstances or breakdowns.



Summary

In conclusion, the grid connected configuration PV systems based on their advantage and disadvant

age, application and control strategies are well discussed in this lecture

The modeling of grid connected system, specifically the power generation takes paramount for bette

r harvesting of power from PV system.

In line with this, controlling the current and voltage of PV generator is the dominant factor in harvesti

ng maximum power.
Besides, different controlling strategies of boost converter for MPPT is observed in this lecture.

Finally, the grid code for better synchronization of power between grid and PV is also discussed.
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