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Summary: Thiswork dealswith theflow of theelectromagnetic energy through anidealized  Key words:
single-phasetransfor mer supplied with nonsinusoidal voltageand supplyinganonlinear load.  power definitions,
Thedectromagnetic flux componentsof theenergy that flowsfrom primary tosecondary aswell  power quality,
astheflux of energy stored in and ejected from thedi€lectric spacesurroundingthewindings  poynting vector,
areidentified and quantified. Theedectromagneticflux componentsarecorrelated towell known  harmonics
instantaneous powers. These powers are not clever mathematic expedients but correct

expressionsthat mirror theactual physical phenomenaand lead toamorerealigicinter pretation

of apparent power and itsresolution.

1. INTRODUCTION V=g F Uy “4)

The ultimate goal of this study is to give a detailed picture where:

of the flow of energy through a transformer and to pinpoint

the distribution in space and time of different rates of flow, Vg =Vg SN (‘“t + 931) ®)
i.e. powers, defined by modern theories.

The transformer is an essential electrical device in the R
chain of components that facilitates the power flow of electric Uy = ZVSV sin (Va)t +ag, ) (6)
energy from the alternator to the end users. v#£l

The process of electromagnetic energy transfer from the
primary to the secondary winding and the visualization of
distribution in time and space of the flux of power can be P=io4i 7
implemented by means of Poynting Vector (PV) [1]. Such sl sl
approach [2, 3, 4] enables in-depth understanding of the  with:
physical characteristics of different powers and ultimately
leads to a realistic resqlutlon of a'lpparent power. g = [Sl sn (a)t) (8)

The PV approach gives clear information about the exact
pattern of power flow and may trouble proponents of apparent
power resolutions that are based on pure mathematical
interpretations [5] that tend to oversight the actual
electromagnetic phenomena.

The secondary current being:

gy = Y g sin(Vot+ag —65)  (9)

vl

2. BACKGROUND .. .
Im 1y, gy
M s
The studied transformer has the circuit diagram depicted = +
A . e . Vp Lp Ly |5 Vs NL
in Figure la. The primary winding is supplied by a = -
nonsinusoidal voltage: @
\
vp:vp1+'l)p[_[ (1) P
where: Vs
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-\ o S — === PRef
V=V Sin(wt+0,) Q) Ly O ¢
® Lyy | ©
~ 3 I GSV
UpH =§;Vstm(th+apv) (3) v
V£
Fig. 1. Single-Phase transformer supplying a nonlinear load: (a) circuit;
The secondary Voltage Is: (b) phasor diagram: fundamental; (c¢) phasor diagram: v — order

harmonic
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The primary current has two components: the first, labeled
i,,, 1s the magnetizing current that supports the magnetic
flux, and it is detailed in Section 5. The second, labeled ip, is
due to the secondary current (Fig. 1b) and has two major
components:

(10)

Iy =ip1 T iy

with:

iy = fplsin(wt)

(1D

w=Digan(vot+a,-0,)  (12)

vl

wf
L 4}10

S

Fig. 2. The studied transformer: (a) geometry; (b) B/H characteristic
at central core

Fig. 3. Electric equivalents of magnetic circuits: (a) no-load condition;
(b) loaded transformer; (c) loaded transformer (equivalent to circuit
(b) where voltage sources are replaced by equivalent current sources)

Each harmonic phasor of i, is in-phase, or 180° out of
phase, with the corresponding secondary current harmonic
phasor, Figure lc. In this study it was assumed that the
fundamental power flows from v, to the nonlinear load. This
translates in the following active power balance for the
fundamental power:

Vsl ]sl cos (esl) (13)

It was also assumed that the nonlinear load converts a
small part of the fundamental active power in harmonic active
power: thus the harmonic power flows from the load to the
voltage source v, and:

Vpl Ipl cos (Opl) =

V.

s Ly cos (0,) = (14)

pv pv cos (epv)

3. THE STUDIED SYSTEM

The geometry of the studied system is presented in Figure
2a. A central cylindrical core with radius a and height 7 is
made of ferromagnetic material with a nonlinear B/H
characteristic, Figure 2b. The primary winding is modeled
with the help of an equivalent, infinite thin, one turn foil with
infinite conductivity, wrapped around the central core. The
secondary winding is also modeled using a very thin foil
with infinite conductivity, whose radius is b and height is 4.
The magnetic circuit is completed by a cylinder with inner
radius ¢, outer radius d and height %, and by two end-disks
with radius d. The external cylinder has a linear magnetizing
characteristic, B = uH, while the disks are made of an ideal
material with infinite magnetic permeability.

The flux in the central core (region 1, Fig. 2a) produced by
the magnetizing current is:

¢( vpdt =- 2

V=

os(va)t +a )

(15)

This flux is function only of the primary voltage v, and
returns through two regions:
—Region2: a<r<b A,=m(b?-a?)
—Region3: b<r<d Ay=m (d>-b?)

An equivalent reluctance can be defined for each region:

_1nh
= (16)
o~ _ 1 h _ e/33ﬂ3
- M A g+ a2 a7
where:
. h ©_ h 1A + ok
Py =—— Ry =— Ug=—""""—
oy wty A
A;,,=n(cz—b2), Aé,',:n(dz—cz)
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The equivalent electric circuits for no load and load
conditions are shown in Figure 3. At no load, Figure 3a, the
return reluctance is:

E C%Z €%3
7 - °
2= g0, + ot (18)
and the magnetomotive force developed between the nodes
Cand 4 is:

(19)

For the loaded transformer, the amper-turns i, and i; are
introduced as shown in Figure 3b. Since the flux ¢(1) has the
same value and spectrum at no-load and loaded condition, it
is possible to replace the branch ACB with an equivalent
current source ¢(1); also it is possible to to replace the branch
ADB with a current source is/R5 in parallel to R5 (Fig. 3c).
From here, results:

Mey =iy — Rz D

, i 1
M ag = gg| =+ (20)
R
and, from Figure 3b:
Myp=1i,*+i,—Mcy (21)
Substitution of (19) and (20) in (21) gives:
P . Ry
I = Ry Is = Ry + R Is (22)

The last expression confirms the previous claim that
harmonics phasors |, and |, are in phase or 180° out of
phase. From Figures 3b and 3c it results:

@__ % [ 0, s
¢ ‘.%2+.%3(¢ +g.33) 23)

. % [0,
? —Q%2+Q%3[¢ +%2] (24)

The secondary voltage is found applying Faraday's law:

_d(0_@\_dl o__ % [ o I
vs_dt(¢ 4 )_d{(p %2+t%3t¢ +%3ﬂ

keeping in mind that v, = dp()/dt, results:

vem 22, 1 s
ST Ry g P Ry + Ry (25)
4. THE FLOW OF POWERS

In this section the detailed distributions of the electric
and magnetic fields inside the transformer are determined.
This information in turn permits the calculation of the power
density (W/m?) and the direction of its flow.

The flow in time and the spatial distribution of the powers
are studied with the help of the PV, defined as: p=ExH
[V A/m?]. The electric field is obtained from:

— a_. — _
VxE=-3-B B=B
X ot u

z

where U, is unity versor in z-direction (see Fig. 2a). In a
cylindrical coordinate system:

g rad, G
10 9 9|__0gj
flor ap 9z attv
0O re O
and:
19 _oB__ 109
cot(B) =% = 2
or:
=(ry=_ 1 do 5
()=~ g 26)
Atr=a, dp/dt=v, and:
= _g® _g@_ Y (g
=B =B =,"(-0,) @7
Atr=>b:
= =(2 =(3 v —
B, =B =Y =25 (-0,) (28)

These results show that the electric field vector has
concentric streamlines and rotates clockwise, i.e. opposite to
the electric field impressed by v,, within the primary winding
(note that the magnetizing current 7,, flows counterclockwise,
Figure 2a).

The magnetic fields are readily found. In region 2:

(@) R, R,
& I A A N 1 < Il
H - ﬂoAz uZ - h ¢ uZ - h [¢ +

Inregion 3:

-0 _ P e _Pxs( @, s | -
A= P %= [d’ +Q%ZJ( 6) G0

The flow direction of the resulting PV is shown in Figure
4a. For the fundamental component the primary winding emits
the electromagnetic wave that impinges energy to the system.
Part of the energy, carried by @(1) , flows radially toward the
center axis. This PV decreases linearly and carries the hysteresis
losses as well as part of the energy that oscillates back and
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Fig. 4. Poynting vector (fundamental): (a) PV direction; (b) electric
field distribution; (c) magnetic field

forth between the transformer and the voltage source v,,. The
remaining PV flows in region 2, toward the secondary winding,
and carries the active and the non-active power supplied to
the non linear load as well as the non-active power due to the
nonoscillating energy that is stored in and ejected from regions
2 and 3. Inregion 3 The PV transmits only non active powers In
Figure 4b is shown the distribution of electric field versus radius.
In Figure 4c is presented the magnetic field distribution 1.

The expressions of PV are as follows:

The PV at 7 =a in the region 2 is:

PP =E,xAP =g H®) (<0 )x(-0,) @31
Substitution of (27) and (29), reminding (22):
~ 1 A
50212) = m(%zsq)(l)vp +vp|p)ur (32)

This expression represents the density of electromagnetic
power exiting from the primary winding and flowing into region
2. The total flux that exits the winding through the surface
2mah is:

pi(iZ) = e0£23¢(1)’U p tv pi p (33)

The first term:

d¢(1)
A (34)

st vy = A

)
. .. 1(7 . dc,b(

1 t = - =0.
is purely non active since = J-o ¢ dt 0

From (1) and (10) results that the second term of (33) has
the components:

Upip = Uplipl + UplipH + vaipl + vaipH (35)

Each of these components has a corresponding PV. The
first component is:

Vptipl = Vpilp1cos(0,)[1 — cosQwt)]
(36)
+ Voilp1sin(0,))[1 — sinQwr)]

In (36) one recognize the instantaneous fundamental power
delivered to the system:

Vptipl = Ppill = cosQui)] + Qp,1sin(2wr) — (37)

where:
Ppl = Vp11p1COS(0pl) (38)
Op1 = Vpilp15in(6,) (39)

are the fundamental active power and the fundamental
reactive power respectively.

After the substitution of (2) and (12) in the second term of
(35) the expression is:

Vpaipn = D, Dipy {cos[(v—l)wt +ap =05~ Opl]

vzl
(40)
—cos[(v+1)wt +apy =0~ le]}

that is the current distortion instantaneous power, a nonactive
power that has oscillating components with the amplitudes:

Dlpv: Vpllpv (41)

The third term of (35) is due to voltage distortion. Substitution
of (3)and (11) gives:

Voo = Y, Dypy {COS[(V—l)CUt-f-(ZpV]

v£l

_cos[(v+1)wt+ py ]} @2

that is the instantaneous current distortion power, a
nonactive power that has oscillating components with the
amplitude:

1) The conductor are sketched with a finite thickness and the magnetic field transitions from region 1 to 2 and from 2 to 3 are shown. If the
electric fields within the conductors (27) and (28) as well as the respective magnetic fields are used to compute the PV's inside the
conductors, it will be found that PV's carry the power dissipated through joule and eddy current losses and also support the reactive
power connected with the magnetic field inside the conductors. Due to limited space this phenomenon is not covered in this paper.
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Dypy= V1, (43)

pvipl

The last term of (35) is the instantaneous voltage distortion
power. Substitution of (3) and (12) gives:

Voo = Vzﬂ Py [1— cos(2vat + Zap\,)} > Qpy sin(2vet +2a,, )

vzl

+ 3, Dupun {COS[ (V-M)t 4 g, ~ctpm +0pm | (44)
=Y

—cos| (V+m)ot+ap, + g, —9pm]}

where:
P, =V 1,,c08(0,,) (45)
is an active harmonic power of order v:
Opv =V LpySin(6)) (46)
is a reactive power of order v, and:
Drpom= Vv Lpm m#v 47)

is the amplitude of a harmonic instantaneous distortion
power with the power oscillations at the frequencies v + m,
vl m#v.

The electromagnetic flux of power that arrives at » = b
delivers the power density:

(@E)Z) - Eb < H (2 _ E,H (2 (_Uw )X (_GZ) (48)
Substitution of (28) and (29) in (48) gives:
_(2) _ P @, s |-
v = 52bh v{d) * oy Jur (49)

Substitution of (22) and (25) in (49) leads to a three terms
expression for the flux of @f through the surface 27bh,
that is the instantaneous power:

(2)_ #u¥ . P i
'%2+%3¢ vp+vsls%2_’_9]‘23 Vlg+ @ a | (50)

The first term of (50) is a continuation of (34), indicating that
the difference:

R R- Ry R
,%23¢(1)vp % Zi g; (1)UP “ % 219;3 ¢(l)vp
2 T Ay Kp

is a non active power stored in and ejected out of region 2.
The second term of (50) is the instantaneous power delivered
to the nonlinear load. This term has similar component to the
one described in (35), i.e.:

(5D

Usis = vslisl + UslisH + UsHl.sl + vsHisH
where:

Vg1ig1 = Py [1 = cosQu)] + Qg sinQot)  (52)

with:
Psl = Vsl Isl COS(@Sl) Qsl = Vsl [sl Sin(@sl) (53)

and:

Vgigs = X Dig, {C0S[ (v-D)wt + g, — 05, ~ O |

v£l

54
—cos[ (V+1)ot+as, — 0y +0g |} 9

with:
Dlsv = Vsl Isv (55)

and:

Vgyig = Y Dy, {cos[(v—l)wt +ag, |
v£Ll

56
—cos| (v+1)ot+ag |} 0

with:

Dst: stlsl
and:
Vanisy = Y, Py [1-cOS(2vot + 2ay, ) |
vzl
+Y Qg sin(2vot +2a, )
vzl
+ Dpgm{cos(V-m)ot+ag, —ag, + 04 (57)
WA
—cos(V+ M)t +ag, + agy —Ogn }
where:
PSV = VSV ISV COS(QSV) QSV = VSV ISV Sin(asv)
DHsvm = st [sm m#v

The last term of (50) is nonactive (see Appendix A.1) and
arrives unchanged in region 3.
Inregion 3 at »=b we find:

P = EoxHO = EHO (<0, )x(-0,) (58
Substitution of (28) and (29) in (58) gives:
_(3) _ Lo @, s |-
¥o" = 2nbh ”s(¢ t ]“r (59)

Substitution of (22) and (25) in (59) gives the flux of &
through the surface 27zhh that enters region 3:
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3 _ B & 7 dip
():%+% ()Up_% +9 ds+ g dt (60)
Ry + R Ry *553

We recognize two terms: they are identical to the first and
third term of (50), respectively. One will observe that the
instantaneous power p,” is non active (Appendix A.1).
Moreover, the total power stored/ejected in/from a segment
of magnetic circuit with a reluctance % and a flux ¢ is:

n = 2" d¢ 61)

In Appendix A.2 it is proved that:

3

(
) =™ 90 (©2)

This means that the instantaneous nonactive power at » = b
is the rate of flow of energy that enters/exits region 3. In the
same Appendix the following relation is proved:

2) dg® 3 d 1 .
,%2¢ ﬁt + ]33¢ ¢ = ,%zgqb( )vp + Vi + Ul (63)
This key expression shows clearly that the PV carries in
regions 2 and 3 an input power v, that contains active and
nonactive powers. It also delivers a purely nonactive power
Zp3¢(D v, on account of the magnetizing current 7,,. At
r = b, the PV delivers the instantaneous power vi; at r = d,
p((j3 =0: this means that, as r increases in the range b <r <d,

the PV gradually decreases.

5. THE NONLINEAR REGION

Due to its nonlinearity, region 1 is the most interesting
part of this study. For this reason, it was left to the end. For
the sake of clarity, the input voltage is assumed to have the
expression:

=V, sin(wt)+V;sin(3wt)+Vgsin(Swt)  (64)

This voltage causes a magnetic flux:

oY = _% cos(wt)— o> (Swt)—;/—cos(Swt) (65)

with a readily determined peak value:

1 Vs Vi
<Ds=w[vl+§+55]

According to Figure 2b the magnetic field H(1) has the
following expressions: for the ascending branch (when
dg/dt>0,1i.e.0<wt<m):

(66)

S

Hg ®
Y 1= H0+BSB H0[1+q§) J

For the descending flux (& <wt < 27):

®
@ U= Ho+ : B= Ho[ 1+‘2) ]
S

S

Thus:

) AHy
HO =20 % = (67)

sin(vwt) H

(vot)  Ho )
v=135... ®s
The magnetizing current (see Fig. 3a) has two terms: the first
is due to the MMF in region 1, the second is due to the MMF
inregions 2 and 3:

iy =HU  h+ g3 91 (68)

Substitution of (65) and (67) in (68) gives:

sin(vwt)

Ho, . 1o V%
v 5;—,623 \Zl;gvcos(th) (69)

4Hph &
m= 7

v=135...

Using the notation:

R, = oh Hoh _ h ﬂ_i
D AB, mA 1 H

and:

g@;:g%—%g%3

it is possible to rewrite eq. (69) as:

sin(vwt)

. -
J %27" s(vot)

v=135...

thus leading to a more convenient expression for H(1), derived
from (68):

) _ (i,
= - ona)
6 - (70)
S Sin va)t H
—0 ) -0 N Veos(vot)
v=135... D vaiz v
The PV entering the central core has the expression:
o) - £, = E,HO (-0, (1)
_ Vo | 4o v Sn(t) Ho $ Vo (g, )
2rma| w43k 0V P Hy v '
(71)
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Vp (T tiy) ~ o Vs | 1) see. (74)
N[ BT . 2) see. (75),(76),(77)
. IR 3) Uplp — Vsls
i | |
~ T 4) K3 K oWy
Ko + K3 v
L%} [ + (1 fhp]
— Vels + O
5) Ry + R dt
. . 8
: X 6) 'f”ﬁzzm v,
I -
— Ry Rz —— v, V)
| Nonactive 7)|Hatas (%2 + R3)* (
|| powers 5L 16 7 @
i Vl 3)+4)= | 5@ 20 d¢
H Active (1) . ' [ 5)+6)+7= d¢(3)
powers %23(]5 Up + Uplp — Usls ,@3¢(3)T
Fig. 5. The flow of PV components
it is radially oriented toward the axis of symmetry. At an pggl _\71 sin(wt)
arbitrary distance r < a, the PVis:
= sin(vot 5\
w1 % do . " {i D (v ) q)lw \;’cos(wt)}H h (70
o :Z——Zd—H ( G, )= P, v, HY (-0, ) (72) v=135.. S g=x
The power carried in region 1 by o is: 1 S o~
r pY, = YV, sin(vot)
v=13
® _| 2Ho Sn(vot)  Ho < A cos(vot) i\? sin(vot)
= =2 ~ v 73) = ~ (77
T oyA43s. Vv P S5V V-3 ( 4 ot 1 —— 1\ cos(wt) [Hah
an(on)- gLy 3 g e
One will notice that this instantaneous power has all the
comporllent.s that were identified in the previous sgctlon. It The real power dissipated in the central core is
has active instantaneous power produced by the in-phase
harmonics: 5
1 T (1) 4Hh 1 - 2H
g . Py k=m0 S TN =0
@ _ 4Hoh D W gn ? (voot) \i[l cos(2vort) | (74) TS0 i
Pid =
= v=iz Vv
this power supports the hysteresis losses (Fig. 2b):
It has reactive instantaneous powers produced by the
harmonics in quadrature: )
Pays = (AreaB(H))(CoreVqume)-Z =
5 -
W__R$Wy o 2Hohw 2Hoho . (79)
Pag ==, 2~ Sn(2wt) (75 =(4BHo)(Ah)L =T Ap, =0 g

and the two instantaneous distortion powers, due to the
harmonics of current and voltage respectively:

Figure 5 shows the flow of PV components related to the

. . . . 1
instantaneous powers v iy, Vi, Vi 1.

1) InFigure 5 the conductors are represented with a finite thickness, as a consequence the active power dissipated throughjoule and eddy
current losses and reactive power exchanged with the field inside the conductor are shown.
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5.1. The power flow

Starting from the observation that the instantaneous powers
flow follows exactly the PV flux lines, the different components
of the instantaneous power are defined. The magnetizing
current i,, produces the flux ¢(1) that does not depend on
the transformer load. The current i,, sustains both the field
in the central core and the flux in the remaining pathes of the
lossless magnetic circuit. In every section of the magnetic
circuit, the instantaneous power (61) is non active: it has no
mean value and does not transfer net energy from source to
load or viceversa. Such a power oscillates between the
magnetic circuit and the voltage or current source. Usually
the oscillations take place with frequencies 2vw (v=1, 3, 5...)
and (vm)w (v=1,3,5 m=1,3,5;, m # v). In certain
situations v and m could be non integer numbers. The physical
mechanism behind such oscillations is tied to capability of
inductances and capacitances to store electromagnetic
energy. The oscillations of this energy are characterized by
five distinct types of instantaneous powers:
1. Fundamental reactive power [var]:
le = Vlll szn(@l) sin(Zwt),
2. Harmonic reactive power [var]:
Porn=Vy 1, sin(0,) sin2Qvwt +2a,),
3. Current distortion power [var]:
Ppr="V11, {cos[(v—Dwt+y,]—cos[(v+ Dwt+0,]},
4. Voltage distortion power [var] (v # 1):
o=V, Ii{cos[(v—1D)wt+ e ] —cos[(v+ Dwt+y,]},
5. Harmonic distortion power [var] (m # v, m # 1):
Prv= Vv Im {COS[(V_ m)wt—i_’yvm] - COS[(V + m)wt +va] } ’
The meter connected to the load (Fig. 1a) should record
the active and nonactive power quantities:
1. Fundamental active power [W]:
Py =Vs I cos(Osy),
2. Total harmonic active power [W]:
st sv COS(@SV),
3. Fundamental reactive power [var]:
Os1 = V51 L1 sin(s)),
4. Current distortion power [var]:

Dy =V31\/Z 1|sv =Valgi,

5. Voltage distortion power [var]:

Dy —|31\/2 V2 laVeH »

6. Harmonic apparent power [var]:

Z 2
SJ‘| 1 S/ 1IS/ _VQ'| I§'| ’

The expression of the active power supplied by the voltage
source contains the losses in the windings:

R
_ 2 2 _ 2 2 _ .12 _
AP—rpIp+rsIs—[er+rles_rels_

(Va+Vi? )£|Sl+|§)

212
erls
— e

V2

S

e

with:
. -# + 0,

Finally, the total active power injected in the primary winding
is (The term P, represents the losses due to eddy currents,
that in this paper are not detailed):
Pp:PSl +PSH+AP+Physt+Pec

Usually, P,y < 0. Correctly monitored, this harmonic power
helps to determine if the load generates or absorbs
harmonics.

A useful component is the non-fundamental apparent
power:

It quantifies the overall contributions of harmonic pollution
to the line losses and helps to extimate the size (kVA) of the
equipment needed to compensate the harmonic pollution.

6. CONCLUSION

The PV computation enables the tracking of all the types
of instantaneous powers, their origin, flow direction and time
variation. As a result of this thorough analysis, it was possible
to conclude what are the components that should be
monitored for the quantification of demand of power, energy
consumption or harmonics pollution caused or sank by the
observed load. The authors do no advocate the use of PV to
directly measure powers. The PV is an excellent tool that
enables one fo look inside different electrical devices such
as an energy converter and observe the patterns of radiated
energy and the time variation of energy flowing from sources
to loads, among loads and within loads.

APPENDIX A.1

Substitution of (1, 4, 10) in the last term of (50) and (60)
gives:

di
Vgl +¢d—tp =
= 2\75\, Sin(va)t+as,)2IAs, sin(vot+ag, —0g,)
\ \
_;\\ZSZ’)COS(VwHap\,)ZVpr cos(vot+a,, —6,,)

The only terms that may yield real power result from the
products of terms with the same frequency, i.e.:

2 o Sn(vot+ag,)sin(vot—ag, +0g,)

=Y Vol cos(va)t+a v)cos(vot+ay, —6,,)

or: =Y Vals[cos(0s,)-cos(2vot +2ag, -0y, |
Ap=\;:2(p521+Q521+D§ +DZ, +s;)=\;}(s§) I [cos( )—COS(ZVO)t+ZapV—0pV):|
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Since:

V!

sV sv

c0s(0g,) =V, lg cos(epv)

i
results that the studied term vgig +¢(l) d—: is a nonactive

instantaneous power, i.e. has zero mean value.

APPENDIX A.2

A N turns inductance with a reluctance £ and a current i
has the instantaneous power:

di _ N?. di

d @ dt

Since the magnetic flux is ¢ = Ni &, (61) is obtained.
Substitution of (24) in (61), for region 3:

_ 2
@89 (% 0_Js |
P g = Ry + Ry 4 %, ||Y

_a dig )
P, dt

_ Py (1) RoPy () dig RSy oo+
T R+ R Y dt ;. \2°ps
S + Ky (7, + ;) dt (22 +25)
@b
R, o di
+ 3 3 |Sd—;
(22, +5)

Using (25) and (22) we find that (A.1) equals (60) and (62) is
proved. Applying the same, in region 2 we find:

The total instantaneous power stored/ejected in/from regions
2and3is:

@de? g de® i di
e B e 1
From (25):

) . 1 dig

Vg =———

————— Vi~V = —
R+ Ry P> TS R+ Ry dt

or:

. 1 dig
Vply —Vglg =————=
PPUSS T R+ Ry dt

The last expression substituted in (A.2) proofs that total
instantaneous power stored/ejected in/from regions 2 and 3
is expressed by eq. (63).
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