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CHAPRER 9: PV SYSTEMS wednesday: 28-3-2018

Major Types of PV Systems

1) PV systems that feed power directly into the utility grid

2) stand-alone PV systewms that charge batteries

3) Applications in which the load is ali,reotud connected to the PV module (sueh as

pumpling systems),

Operating Polnt of PV Systems

PV |-V curve

r's
Operating

point \

e

(the intersection of both curves)

CURRENT—»

I-V curve
for the load

VOLTAGE —» Yo

> Stmple resistive Lond:
BY using a variable resistance called a potentiometer as a load and then varying its
resistance ; patrs of current and voltage can be obtained which can be plotted to generate

the PV I-V curve,
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PV I-V ﬁ Resistor

+ V=Rl ¥ -V curve MPP

(Variable rgsistance) P el :

=  Slope = - ]

1 =5 "|u||' 1

A E , R - Hm: - '

% 1 [ 1

y/ © :

I=(1/R)V Increasing R :
VOLTAGE Vin

Vin & I voltage and curcent at maximiuom power polint,

Ve & Ir: Rated values of the voltage anol current under Shaded Test Condition.
STC 1-sun, 25 °C, AM=1.5

Electrical Model of a Permuanent Magwet BC Motor
> Principle of operation:
ownee the motor starts spinning, it develops back electromotive (emf) force which

is a voltage proportional to the speed of the motor.
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R,
Y v
+
¢!
e :speed of *
the motor e=kw
dc t o
motor dc motor
. - equivalent circuit

Q

V=l.Ra + K.w

> Relationship between torgue requirement anol armature current:

As the torque requirement tnerease, the wotor slows slightly which drops the back

emf, allowing more armature current to flow.

CURRENT
E
I
[~~_©

!
Starting 1 Ry
current —=[ "
w increasing with V'

-~ MOTOR VOLTAGE
Starting voltage
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1000 W/m?

; Motor
2 800 W/m? I-v
o
@
-
5] 600 W/m?2

Start-up 400 W/m?

current ™ t
& 200 W/m?
VOLTAGE -~

o The BC wmotor requives 400 w/m? to break the wotor Loose from static friction,

e Ownee the motor start spinning, it requires 200 w/m? to keep running.

Linear Current Booster

LCR is used to switeh the current-voltage relationship

v

+

1

Linear s
Current | ':5}
Booster

Low [ High /

High V Low V dc
motor
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Batteries for Energy Storage

» Grid connected systems:

utility lines themselves can be used to store electrical energy.
» Off- grid systems:

Batteries are used to store electrical energy).

-V Curve for an (deal Battery

Ideal V.
E Battery + T B
w —
E V= VB
: -
3 1
Symbol

VOLTAGE Vg

The voltage remains constant no
matter how much currentis drown

Equivalent Clreuit of a Real Battery

1) Charging cycle:

Ri
Y VS R
. . Vg E charging
[ —= par— T — [

V> Vg - = slope = -
) - 3 )
5 !

. Vg Vs

V=I.Ri+VB discharged charged
VOLTAGE —
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2) Discharging cycle

R;
v
'
+ LG -
— . E discharging ~_
V< Vg T % 1
5 o slope = -E‘
V= VB' lil R; VB VB
discharged charged
VOLTAGE —

Open clreuit voltage of the battery depends on:
1- Battery tewmperature
2- State of charge

3- How long the battery has been resting without any curvent flow
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Exawple: Constder o nearly depleted 12 v lead-acid battery has an O.C. voltage

of 11.7 v and an tnternal resistance of 0.03 £2 :

a. what voltage would a PV wodule operate at if it is delivering 6 A to the battery?

V=1Ri+VB=(6)(0.03)+11.7=11.88 V

b. If 20 A is drawn from a fully charged battery with open-cireuit voltage

12.7 v, what voltage would the PV module operate at?

Discharge cycle: V=VB-/Ri=12.7-(20)(0.03)=12.1V

Buck-Boost Converter

> Boost converter

s a commonly used elreult to step up the voltage from a BC source,

> Buck Converter

To step down the voltage from a BC souree,
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Load

I

[ 1

| 1

I I

T

I I

[ 1

I | ; - |
It i | Switch L L I
Source |[ | | contral i
I : + 1
I

I I

| 1

| 1

I [

Buck-boost comartar

This cct. Depends on the energy balance tn the magnetic fleld of the inductor

> wWhewn the switeh s closed » Whewn the switeh is OpEn

1) All of source current goes through the 1) The inductor current now goes through
inductor, since the diode blocks any the capacitor, diode and the Load.
flow to the rest of the clreuit.

2) During this portion of the cycle, 2) Magwetic energy begins to collapse,
energy Ls being added to the magnetic
field of the tnductor,

» Duty of the switch
The duty cycle controls the relationship between the input and the output voltages of the

buck-boost converter .
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f——— T —--l
Closed _ _
{on)
(a) Open
(offy =7
Vo B D B: Duty OgoLe
Vin 1-D

Example: Under certain ambient conditions, a PV module has tts maxinum power polint
at v = 17 volts and i = & A, what duty cycle shoulol an MPPT have if the module
Ls delivering power to a 10 ohwu resistance?

P=Vm.Im = (17)(6) = 102 Watts

P Vout” 102 Vout” Vout = 31.9V
= — = — Vout = 31.
R 10

Vﬂut_ 31.9 B D

Vin 17 _1-p P2=065

The olutg cycle Ls the thme fraction during which the switch is closed, (0<p<1),
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nstantaneous Power

P(t) =v(t) xi(®)

For a vesistive Loaol : P()=1i*(t) Xx R=v%*(t)/R
1 t _.r : L
For an inductive load:  P(t) = . v(t) f_oo v(t)dt O 000 o
* 9
di
v(t) = a
For a capacitive Load: i c
= o I
A
+ v
i(t) =c %
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Example: The expected formula of the forced vesponse is: i(t) = Vo/R (1 - e‘G)t) u(t)

—AM 1- The instantaneous power of the source.
H +
Vou(n) (D L g " 2- nstantaneous power absorben by the resistor
2- Instantaneous power absorbed by the inductor

1- Instantaneous power of the source,

R

P(t) = v(0)i(®) = Wo.u(®][ 7y (1~ e (D) u(o)

2

P(t) = V% (1 — e_(%)t) u(t)

2- lnstantaneous power absorbed bg the resistor

P(t) = i2(t).R = [% (1 - e_(%)t)u(t)r R

P@ =2[(1-e ) uco|
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3- lnstantaneous power absorbed bg the inductor

V(t) = Ld— i) = —( _ e_(%)t) u ()

ai _Vvo (0 + Ee-(%t) u(t) = %a(%)t u(t)

dt R L
di _(R
La = Vo.e (L)t u(t)

R R

P() = v(®)i(t) = Vo.e” D u() . [ (1 - e‘(z)“) w(®)]

2
P(t) = VT?e_(%)t (1 — e_(%)t) u(t)

Power
A Power supplied by source

Power absorbed by resistor

Power absorbed by inductor
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Stnusoldal Source Excltation

M

v, (1) = V,, cos wi C;) §L

i(t) = Im.cos (wt + @)

Vm wlL
Im = ) Q= tan‘l(?)

VRZ + wZL2

P(t) = v(t)i(t)

P(t) = Vm.cos (wt) X Im.cos (wt + Q)

1
P(t) = EVm. Im. (cos(®) + cos(2wt + 0)) SAua dlalss

P(t) = %Vm. Im.cos(0) + %Vm. Im.cos(2wt + Q)

*QJ

e
~

1
P = EVm. Im.cos(9)
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A Determine the power absorbed by the 200 Q resistor

40+60u(t)

Al
"
t

Voltage across the R-C combination:
Att=0" - u(t) =0 - v(t) =40+ 60(0) = 40V
Att=0" - u(t)=1 - v(t) =40+ 60(1) = 100V

Voltage across the capacitor cannot change instantaneously, so:

60
Att = 0" - Voltage across R = 60V — Io = 200 " 300 mA

t
i(t)=300e TmA

T=RC=200%x5%x10"°=1ms

1.2
i(t=1.2ms)=300e 1 =90.36 mA

P,200Q = i(1.2 ms)%. R = (90.36 x 1073%)2 x 200 = 1.633 Watts

t 1.2
ve(t) =100—-60e T »vc(t=1.2ms) =100—-60e1 =81.93V

and the 5 UF capacitor at t= 1.2 ms

Pc(t = 1.2ms) = vc(t = 1.2ms).ic(t = 1.2ms) = (81.93)(90.36 x 1073) = 7.4 Watts
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Average Power

t2
/P T2 i t1 fn p(t)dt\A

AVErage Power nstantaneous Power

we may define a periodic function £(t) mathewmatically by requiring that:
f@®) =f(t+T)

pin
A

«—This is a periodic function

hH+T 1+T

P1: average power at time instant t1

Px: average power at thme instant tx

1

t2
P=_—— ftl p(t)dt
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t1+T
P = —f p(t)dt
t1

tx+T
P = —f p(t)dt
tx

tx+nT

= — t)dt ; =1,2,3,..
nT ), p(t) n

Average Power in Stnusoldal Steady State

v(t) =Vm.cos(wt+80) , i(t)=Im.cos(wt+ Q)

P(t) =v(t).i(t) = %Vm. Im.cos(6 — Q) + %Vm. Im.cos(2wt + 0 + Q)

0 —

This term s constant (independent on t) This term has a cch’w variation at

twice the applied frequency

1
P =-Vm.Im. cos(6 — Q) To calculate the average power
Example: v(t) = 4 cos(%t) ts applied to an mpedance of Z = 2£60°, find:

1- The average power

2- Expression for the instantaneous power for the corvesponding phasor voltage

77



weolwesolag: 4-4-2018

V=4,0°
Z =2,60°
LA es (™ 6o
= —_ e [ —
2,60° ' cos ( 6 )

1- Average power

P= %Vm. Im.cos(0 — Q) = %(4)(2)cos(60) = 2 Watts

2- lnstantaneous power

v(t) = 4 cos (?) ) i(t) =2 cos (%t — 60°>

1 27t mt
p(t) =v(t).i(t) = 2 4)(2) <cos (T — 60°) + cos(60°)> =2+ 4 cos (? — 60°) Watts

Average Power Absorbed by a purely resistive element
For a PureLa resistive element: (0 — @) = Zero , voltage and current waveforms are tn phase

P=2vm.im.cos(6 — 0) = 2vim.tm = 2 pm.p = Y™
—2 m.im.cos —2 mm—zm —2 R

The average power for a purely reactive element ts zero (Px =0 - (6 — @) = 90°)
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Example: Determine the average power associated with all cireuit elements,

20 -j2 8}
4l '

{
LAY
20/0° vV /x_l\) 20 /’13 ey

I1=11.182—-63.43°

12 =7.074—-45°

L2Q=11-12 =52—-90°

Px(inductor) =0 , Px(capacitor) =0
1 1
P,20 = EImZ.R = 5(5)2(2) = 25 Watts

1 1
P,2040° = EVm. Im.cos(6@ — Q) = 2 (20)(11.18)cos(0 + 63.43) = 50 Watts

1 1
P,10£0° = EVm. Im.cos(0 — Q) = 2 (10)(7.07)cos(0 + 45) = 25 Watts

Power Transfer Theorem

Zth = Rth + j Xth

m I 33
L . Zth* = Rth — j Xth

vrh C:') ?Jf- \.F

|

ZL =RL+j XL

The maximum power transfer is satisfied whew: ZL = Zth*
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Example: Determine the element value at which the maximum power s delivered

v(t) = 3 cos(100t — 3°)V
5000 30 ® ( )

—MN— T —
3/-3°V G}) T

ZL = Zth* = 500 — j3 Q |—W\, It |

This Load can be simulated by connecting a 500€2 resistor in series with a capacitor

Having an mpedance of -j3Q

1 ) J
Ze = = ~J3=~"Tooc ~100C

3->C=3.33mF
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Avernge Power for Non-Periodic Functions
i) sum of several sinusolds having different periods and arbitrary amplitudes:

i(t) =I,,1.cos(wqt) + I,,5.cos(wyt) + -+ L,,,,,. cos(w,,t)

1
P= 5(1,2,11 + 12, + -+ 1%,).R

Example: Determine the average power delivered to a 4-ohw resistor by the periodic
current: a-i(t) =2 cos(10t) — 3 cos(20t) , b- i(t) = 2 cos(10t) — 3 cos(10t)
a- P =2 (22)(4) +5 (3%)(4) = 8 + 18 = 26 Watts

b- i(t) = 2 cos(10t) — 3 cos(10t) = —cos(10t)

1
P = E((—l)z)(él) = 2 Watts

Effective value:
RMS (root mean square) value: The average power delivered to an R-ohw resistor by

a periodic current i(t),
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Loss = \/% [, 2(®) dt — Root mean square, or effective value of the current

> For a sinusotdal waveform.:

i(t) = I,cos(wt + Q)

I
Iis=—==0.7071
eff \/E m

The average power can be caleulated either:

1- n terms of maxitmum values (amplitudes)

1 1 1, 1V,
P = Evm'lm' cos(0 — Q) = EV""I"‘ = EI""R =5x
2- In terms of the effective values
2
Vers

P = Veff'leff' COS(G - @) = Veff'Ie f = IgffR = R

Effective value is a measure of the effectiveness of a voltage source in delivering to a

resistance Load
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Effective values for a Multiple Frequency Clreuit
P=1%:R

2 _
Iepp = \/’ieff + Bepp 4 I ogy

Apparent Power and Power Factor
The average power can be caleulated either:
1- n terms of maxitmum values (amplitudes)

2- n terms of the effective values

P = Veff'leff' COS(Q — @)
The product of the effective values of the voltage and current s called the apparent

power

Gewneral

Averagerealpower P . Definition

P Factor (PF) = =
ower Factor (PF) Apparent power Verr-Less
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n stnusotdal case:
PF =cos(6 —9) ,PFangle: The angle by which the voltage leads the current
cos(0 — 0) cannot have a magnitude greater than unity = The average real power can never

be greater thaw the apparent power

1- Purely resistive load (uwittd PF)

voltage and current are tn phase = (0 — @) = 0° - PF = cos(6 — 0) = 1
2- Purely reactive Load

(6 —0) =+90° > PF=cos(6—0)=0

3- Between the two extremes

PF=0.5 5cos(0—0)=0.5 ——> (0—0) =60, nductive Load

— > (0—0) =-60, capacitive load
Leading and lagging PF:

The terms Leading or Lagoing PF is determined based on the phase angle of the
current with respect to the phase angle of the voltage

nductive lond: PF is lagging capacitive Load: PF is leading
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Exawple: For the network, determine the following:

L 1- Average power delivereo to each of the two

—

S=irgd

Loads

60 /0° V rms 14j5Q| Apparent power supplied by the source

3- Power factor (PF)

— 72
P=1%.R

_ 60(rms)
T 3+ 44

=122 —-53.13° (A)(rms)
1- P(2 —j1) = (12)2.(2) = 288 Watts
P(1+j5) = (12)2.(1) = 144 Watts

P,,; = 288 + 144 = 432 Watts

2- |S| = Veff'Ieff = (60)(12) =720VA

P 432 ,
3- PF = Vorrduy 720 0.6 lagging
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Complex Power

S=P+jQ

P: Average real power (Watts)

Q: Reactive power (VAR) - it represents the rate of energy transfer into and out of reactive load

Components (such as inductors and capacitors).
The magwnitude of the complex power |S| is called the apparent power,

Complex power analysts:
Vers =Verp20 ey = Lepp20@
The average power delivered to the network:
P =V s l55.co5(0 — @) = Vops.Iopr. Re(e/O~7)
P = Re[(Vosp. €/ @) (I 5. €77%)] This quantity is the complex conjugate of the

i ; é phasor current

This quantity represents the phasor voltage

P =Re(V5s . I5sf)

S=P+jQ
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S = Veff Ifo = Veff-Ieff' ej(e_m) = Veff.leff.L(B - @)
P = Vg losr.cos(0 — Q) , Average real power

Q = Vess.Iefr.sin(60 — 0) , Reactive power

To sSummarize:

Sywbol Standard Nawme Formula Units
p Average real power Ve -Iess.cos(6 — 0) watt
Q Reactive power Ve lesr. sin(6 — @) VAR
S Covnplex power S=P+jQ=Vel el VA
S| Apparent power S| = Vegp Iegs VA
Power Triangle

IS used to represent the complex power

1) (6 — @) > 0 : This corvesponds to an tnoluctive Load with a lagging PF

2) (0 — ®) < 0: This corresponds to a capacitive load with a Leading PF
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Imaginary
Im A
A

Q fcrrCﬂﬁ{ﬂ—li?]
fcﬂ‘ﬁin Iﬂ""¢|

= Re

leff

» Real

Power Factor Correction

.
¥ ':l..l'.
-

S=V.r
S=V(U;+1)"
S=V.I, +V.I;
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Example: An industrial consumer is operating a 50 KW induction motor at a
Lagging PF of 0.8 the source voltage is 230 v (rws), U the customer wishes to

tnerease the PF to 0.95 lagging specify a suitable solution.

To Lnerease the power factor from 0.8to 0.95, a purely reactive device must be
connected tn parallel with the induction motor

§1: The complex power associated with the induction motor

_ 50KW

S;= 08 2c0s™1(0.8) =50 + j37.5 KVA

> After PF corvection: PF is tnereased to 0.95— S = S, + S,

50 KW
S =

_1 . .
0.95 £cos(0.95) =50+ j16.43 KVA

S,=S—5,=—j21.07 KVA

. _Sa_ 2107
2Ty T 7230 7T
I,=j91.6 A

vV 230

Zy=—=— = —j2.51Q
2=, " jore !
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The production of a magnetic flux by a current, Je I
The flux belng proportional to the current tn Linear O—-—+\J_p;1;—-o
tnductors
v(t) = Lﬂ
dt

Physteal meaning of this equation
The production of a voltage by a time-varying magnetic field, the voltage being

proportional to the thme rate of the magnetic fielol

Coefficient of Mutual nductance

1- A curvent flowing tn one coll produces a magwnetic flux about that cotl and alse
about a second coll nearby

2- The time varying magnetic flu surrounding the second cotl produces an open

clreult voltage that is proportional to the thme vate of change of the current flowing

through the first coil. i
o .:: ’ f!i'[f}
ta(t) = M5
: {
Mai: Voltage response produced at L2 ; CT ng E"J dt
due to current source at L1 hee 2t
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Mq; =My =M

Rule # 1: Current Ls entering the dotted terminal

If it is entering the dotted terminal, it will produce an o " M .
o[ Q
Opewn cireuit voltage across L, with a positive voltage ng EL: pep
- dt
reference at the dotted terminal of L, ° o
I
© s (47 E
__m
Cr * o]
Rule # 2: Current is entering the un-dotted terminal
i
IR
@ ﬁ b
iy
ng Bn ow-w
L L)
o O
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Example: For the cireuit showwn determine:

i M=2H &k 1-Vq i‘(: i, =5sin(45t) and i; =0
o— —o
+ . + 2- 172 i‘f il = —83_t angl iz =0
J'J L|% ELE J'-'j
o o
di,
v1(t) = _ME = —2 X 5% 45 X cos(45t) = —450 cos(45t) V
diq i L
v,(t) = —Mﬁz —2X-8x—-et=—-16e'V

combined Mutual and self-tnouction Voltage

Dot conmvection is satisfied:

di,  di, LN 3
ot :LIE-FME/_\ - ;E\ .

4] L Lg iy
di, di, Voltage due to mutual .Q é 2

Ly tM— inductance 5 5

+0
+0

v, (1) =
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o diy_di o
v L Ly
t) = —L iz w4l 3%
V2l ="t gy dt 0 o
Dot convection is satisfied, passive sign convection is not satisfied
Example: Determine the ratio of the output voltage v, to the source voltage v4
10 oy (expresseot tn phasor)
o ¥ e +
)= 10cos 10r V @IHQ EIMqulmﬂgyj
{a)
ForLi =1H - jwL; =j(10)(1) =10 Q nductance representation
For L, =100 H — jwL, = j(10)(100) = j1000 bn frequency domain

Mesh #1: (1 + j10)I; —j90 I, =V, = 10£0° ﬁb&r j90 £2
. ™ +
Mesh #2: (400 + j1000)I, —j90 I, =0 v, =10/0°V I o)
2 1 S jlﬂﬂg EJkﬂq \-3§4ﬂﬂﬂ
V2 _ 4001,
Vi 10
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Example: Construct the appropriate wmesh equations

1=
=

L.
E

J

q
_;'Fmﬂ I jbaw () §3ﬂ

.

2w 0}

MeSh #1: 511 + 7jW( 11 — Iz) + 2]W( 13 — 12) = V1
Mesh #2: 7jw( I, — 1) + 2jw( I, — I3) +]_iw I, + 6jw(I, — I3) + 2jw(I, — I;) =0

Mesh #3: 6jw (I3 — 1) + 2jw(I; —I;) + 313 =0

Energy Considerntions:

To caloulate the energy stored tn a magwnetically coupled i i3
P P
system:
d .oud En -
1 1
w(t) = 5 Ly (8) + 5 Laiz(8) + M[i3(8)-i,(1)] o o
M< JLL,

Coupling coefficlent (k): The degree to which M approaches tts maximuwm value

M

JI1L2

described by: k= since M < ./L,L, - 0<k<1
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when K is close to unit, coils are said to be tig htly coupled

How can we obtain large values of k2
1- Coils are physteally close to each other
2- Colls are wound or oriented to provide a large common magnetic flux

3- The use of high permenbility materials to concentrate and localize the magnetic

flux

Exawmple: Constoer the following magnetically coupled system:

o M = L,=04H
¥ +
L,=25H

o) L’é ELI vy k=06

i; = 4i, = 20 cos(500t — 20°)mA

o ]
Determine:
1- v4(0)
di, di,

M =kJLL, = 0.6/(0.4)(0.6) = 0.6 H
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di
d_tl = —(0.02)(500) sin(500t — 20°) = —10 sin(500t — 20°)

di
L (d—tl) = —0.4(10)sin(500t — 20°) = —4 sin(500t — 20°)
iy(t) = %il(t) = 0.005 cos(500t — 20°)

di,(t)
dt

= —(0.005)(500) sin(500t — 20°) = —2.5 sin (500t — 20°)

di
M (d—;) = —(0.6)(2.5) sin(500t — 20°) = —1.5 sin(500t — 20°)

v4(t) = —5.5 sin(500t — 20°)

v4(0) = —5.5sin(—-20°) =1.881V

2~ The energy stored n the system at t=o0

1, 1, ) )
w(t) = EL1l1(t) + ELzlz (&) + M[iy (). i,(D)]

i1(0) = ((0.02) cos(—20°)) =0.01884 , i,(0) = ((0.005) cos(—20°)) = 0.0047 A

w(0) = %(0. 4)(0.0188)2 + %(2. 5)(0.0047)2 + 0.6[(0.0188)(0.0047)] = 151.2 J
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The Linear Transformer

1- The linear transformer is constdered to be an excellent model for devices used at
radio frequency or higher frequency

2- The linear transformer bmplies that no magwetic material is employed because

it may cause a non-linear flux versus current relationship

Basic construction of the linear transformer:

R, R, The baste construction
’ "« of alinear transformer

‘C)q;'g éLz L) (2] Ve
/ \

Privan y mesh Secowdarg mesh

The wmesh that contains the voltage source is called Privary mesh
Ly:Primary inductance

L;:secondary tnductance
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nput mupedance of the Linear transformer:

V
Zip = I_:
Z11=R1 +]WL1 ) Zzz =R2 +_iWL2+ZL

Mesh #1: (R1 + jwLy)I, — jwM I, = Vs

Mesh #2: (RZ +jWL2 + ZL)IZ —jWM 11 =0

Transformer mesh equations:
Zy1 Iy — jwMI; =V [1]

Zyl; — jwMI; =0 [2]

From [2] > I, = ijM11
22

S%bstitb(til/\«g n [1] - 21111 —]WM];VTIZI 11 = VS

w?M?

Zy;

V
Zin = I_ls =Zy1 t+ Reflected impedance

\

nput tmpedance of a Linear transformer

weolwesolagz 25-4-2018%
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